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Abstract 
 
Concentrating Photovoltaics (CPV) have the potential to increase the power output and 
reduce the cost of photovoltaic (PV) systems by replacing expensive PV materials with 
cheaper optical materials that concentrate the sunlight onto a smaller PV area. This 
thesis describes a detailed investigation into the design, fabrication and characterisation 
of Crossed Compound Parabolic Concentrators (CCPC) for photovoltaic application. A set 
of high-performance CCPCs, which have concentration ratios of 2.9x, 4.0x, 6.0x, 8.3x and 
9.0x, respectively, were fabricated using state-of-the-art 3D printing and highly reflective 
thin-film mirrors. Excellent optical efficiencies from 82.0% to 84.5% were obtained 
using these concentrators.  
 The angular response of the fabricated concentrators was carried out to provide 
robust experimental data for the design and optimisation of non-stationary CCPC solar 
power systems. The experimental results show that the half acceptance angle decreases 
as the concentration ratio increases, which agrees well with computer simulation using 
TracePro. The results from a novel rectangular CCPC show that the angular response of 
the CCPC can be significantly improved with appropriate use of the second reflection, 
which demonstrates the important role of multiple reflections in the design for high-
performance concentrators. The uniformity of light distribution across a PV cell has a 
significant effect on the power output and stability of the PV cell. It is therefore crucial to 
ensure the uniformity on the exit aperture of the concentrator. Hence, a systematic study 
was carried out to determine the appropriate position of the PV cell with reference to the 
exit aperture of the concentrator. The results show that an optimal position exists for a 
given concentration ratio, although it varies for different concentration ratios. The 
optimal value for the concentrators that are investigated in this work ranges from 1.5 
mm to 3.0 mm below the exit aperture of the concentrators.  
 A tracking system can be employed to maximise the daily power generation in 
response to changing positions of the sun during the day. A calculation procedure was 
developed to determine the minimum tracking movements while obtaining the 
maximum daily energy production of a CCPC solar power system. The optimal tracking 
movements for the concentrators investigated in this project were determined using this 
procedure. The results indicate that a simple and low-cost tracking system is sufficient.  
Finally, a cost analysis and the potential economic benefit of the developed concentrators 
are discussed. 
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Chapter One: Introduction  
 
1.1 Background and Motivation 
One of the biggest challenges that the world faces is to eliminate the dependence on fossil 
fuels. Renewable energy resources are a promising solution to overcome this challenge. 
It has been reported by the International Energy Agency (IEA) that by 2040, nearly 60% 
of the power generated in the world is projected to come from renewable energy [1]. 
Solar energy is one of the most abundant sources of renewable energy on earth which 
produces clean energy. The sunlight is a limitless source of energy and the amount of 
solar energy received in one hour by the earth is sufficient to power the entire world for 
one year, if fully utilised [2]. However, harvesting this energy efficiently and cost-
effectively is a big challenging [2, 3].  
 
Renewable energy is expected to grow by 50% between 2019 and 2024 based on 
a recent projection by International Energy Agency (IEA). Solar photovoltaic energy 
alone represents approximately 60% of the anticipated growth. The IEA reports that 
2.6% of global power output in 2018 was from photovoltaics [4]. Regardless of current 
regulatory changes and uncertainty, the competitiveness of solar photovoltaics has 
continued to improve in China, India and the United States. Solar PV continues to grow 
to the expected levels of sustainable development scenario, with an annual average 
increase of 16% from 2018 to 2030 [5]. 
 
Solar radiation can be collected and concentrated using mirrors to produce high-
temperature heat for electricity generation by using steam turbines or heating the 
buildings directly. The solar radiation can also be harnessed using photovoltaic (PV) 
devices that converts the sunlight directly into electricity. In order to realise the vision 
of replacing the fossil fuel based systems with clean energy systems, it is necessary to 
reduce the cost of renewable energy systems. Replacing high-cost PV materials with low-
cost solar concentrators has potential to reduce the total system cost and make this 
technology economically viable. The design of high performance and low-cost solar 
concentrators plays an important role in enhancing PV system economic 
competitiveness. 
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There have been various types of solar concentrators developed over the past 
decades, including Fresnel Lenses, quantum dot concentrator, parabolic trough 
concentrator, parabolic dish concentrator and compound parabolic concentrator (CPC). 
The CPC is the stationary concentrator that has been studied by many researcher and is 
said to be an optimal concentrator because it has the best performance for all radiation 
within the acceptance angle [6]. Among different types of CPC concentrators, the most 
popular one is the Cross Compound Parabolic Concentrator (CCPC). This type of 
concentrator is the main focus of this project as it has the advantages of: 1) better optical 
efficiency and 2) relatively larger acceptance angle. However, the CCPC also has 
limitations for example, its acceptance angle decreases with an increase in the 
concentration ratio. As a result, the tracking system may be needed for the concentrators 
with higher concentration ratios. Another limitation is the non-uniformity of the light 
distribution across the receiver surface. This project addresses these limitations in 
attempt to improve the performance of this type of concentrators. 
 
1.2 Aim and Objectives  
This project is aimed at investigating low concentration photovoltaic systems for rooftop 
applications, particularly in the regions where direct solar irradiance is dominant such 
as Oman. The project will focus on studying the characteristics and responses of 
concentrators to the angular change of solar irradiation. It is anticipated that the results 
obtained from systematic experimental investigations (with support of simulation) will 
provide insights and knowledge toward the development of efficient rooftop PV systems. 
The key objectives of the project include: 
1) Identify suitable solar concentrators that have potential for developing low-cost 
and efficient rooftop PV systems.  
2) Develop design, simulation and fabrication procedures/techniques for 
construction of the solar concentrators with improved performances. 
3) Investigate the main characteristics of the fabricated concentrators, including 
the optical efficiency, angular response and light uniformity of the concentrators.  
4) Develop a theoretical framework for the calculation of optimal movement of 
tracking to maximise the solar energy collection at minimum cost.  
5) Perform cost analysis of low concentration solar power systems for evaluation of 
economic viability of the concentrated solar power systems. 
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1.3 Thesis Outline 
This thesis describes a detailed experimental investigation and simulation of compound 
parabolic concentrators for developing high-performance and low-cost solar power 
systems. It comprises of seven chapters. The purposes and main focuses of each chapter 
are summarised as follows; 
 
Chapter One - The chapter gives an introduction to the background and motivation of 
this research project and presents the aim and key objectives of the research activities 
described in this thesis. 
 
Chapter Two - This chapter presents an extensive literature review on solar energy 
harvesting based on photovoltaic (PV) devices.  The basics and principles of PV cells and 
their applications are summarised. Progress on concentrated photovoltaic (CPV) 
systems, their classification and applications are reviewed with a focus on the Cross 
Compound Parabolic Concentrators (CCPCs) because they are main concentrators 
employed in this research. In addition, literature review related to the uniformity of light 
distribution across a PV cell under concentration, and the advantages and disadvantages 
of concentrated PV is also carried out. Finally, the literatures about the sunlight tracking 
systems and their types and applications are included. 
 
Chapter Three - This chapter presents the experimental techniques that were employed 
and developed for fabrication and characterisation of the concentrators constructed in 
this project. Detailed information are given regarding the correct use of the key 
instruments, appropriate setup of the testing equipment and careful calibration of the 
measurement systems in order to ensure correct functionality of the equipment and the 
reliability experimental results.  A detailed description and know-hows are also provided 
on the procedures and techniques developed in this project, which include the 
fabrication procedures/methods for making high-performance concentrators and the 
rotary stage for investigating the angular response.  
 
Chapter Four - This chapter provides detailed description on design, simulation and 
fabrication of low-cost and high-performance CCPCs. The design was carried out using 
SolidWorks based on an established theoretical framework of compound parabolic 
concentrators. Prior to fabrication, the performance of the designed concentrators was 
simulated using a ray-tracing software (TracePro®). The fabrication process of the 
concentrators using 3D printing is explained in detail. The highlight of this chapter is 
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successful fabrication of a CCPC that has the highest optical efficiency reported to date. 
The reasons for the high optical efficiency are discussed. 
 
Chapter Five - The chapter describes systematic investigations of angular response and 
light uniformity of the fabricated CCPCs. The methodologies used to study the angular 
response and light distribution are explained. The angular response of the fabricated 
CCPCs are characterised and the optimal position to achieve the high uniformity are 
determined. The work has led to development of new concentrators, which show 
significant improvement in angular response and light uniformity. To my knowledge, 
these results are new, which will make original contribution to knowledge. 
 
Chapter Six - This chapter describes the development of a theoretical framework for 
calculating the optimal movements of tracking required for a concentrator in order to 
maximise the solar energy collection at minimum cost. The results of the required 
tracking movements were calculated using the available solar irradiation data and the 
angular response data obtained in Chapter Five. The chapter also presents the results of 
cost analysis of CCPC solar power systems and evaluation of their economic viability in 
comparison with a commercial flat PV panel. 
 
Chapter Seven - This chapter provides a summary of the main findings and conclusions 
of this research, together with the recommendations for future work to explore and 
investigate the interesting problems and challenges that were encountered in this 
research.  
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Chapter Two: Literature Review 
 
2.1 Introduction 
This chapter will give an overview of solar energy and the associated technologies that 
are used to harvest solar energy and convert it into electricity. The literature review 
starts with the basic principle of the PV cell, the types of solar cells, and the solar collector 
classifications and applications. The main attention is on Low Concentration 
Photovoltaic (LCPV) systems, with particular focus on 3D Crossed Compound Parabolic 
Concentrator (CCPC). As a result of sunlight concentration, the concentrator receiver is 
affected by non-uniformity light distribution. Thus, the effect of non-uniformity 
distribution on system performance is discussed broadly. Maximising the energy 
production per day is needed and may be achieved by using a tracking system, which is 
another of the areas covered in this chapter. The last part of this chapter summarises the 
findings and determines the research gaps that will be studied and explored in this 
thesis. 
 
2.2 Renewable Energy: An Overview 
Energy is necessary for human society, and it has played an essential role in development 
and maintenance. Although the demand for energy continues to increase, energy crises 
and global warming have become a serious threat. The main causes of global warming 
are CO2 emissions from fossil fuels [7, 8], which is expected to increase to more than 104 
million barrels/day by the year 2030 [9]. The first step to control the percentage of these 
emissions and to reduce the risk of global warming was taken by the Paris Agreement 
[10], which moved towards a united energy policy [11]. 
Renewable energy can play an important role in reducing pollution and can be the best 
replacement of fossil fuels [12]. Basically, this energy is gathered by renewable sources 
that are naturally available, such as sunlight, tidal, wind, wave, geothermal heat, and rain. 
Renewable energy may change the direction of global energy consumption. Figure 2.1 
shows the share of recent global renewable capacity statistics for 2019. It is clear that 
hydropower takes a major preference with 50% capacity, compared to other renewable 
energy sources, accounting for the largest share of 1,172GW from 2,351GW of the total 
global capacity [13]. 
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Figure 2.1: Renewable generation capacity by energy source (IRENA 2019)[13]. 
 
Although solar energy contributes only 20% of the global renewable sources capacity, it 
is the most abundant, clean and safe energy source [14]. Solar energy is freely available 
and is a promising source of energy that can solve an issue of energy crisis [15]. It has 
been estimated that the sun delivers 120 petajoules of energy per second to the earth 
[2]. Chen [16] calculated that the sun produces 5.46x106 exajoule/year over the earth 
surface, which is 10,000 times more than the annual average needed by the world in 
2005–2010. The main advantage of solar energy as compared with other energy sources 
is that it is clean and does not produce any environmental pollution [17].  
Mirrors are used to concentrate the solar radiation to provide a high temperature that 
can be used to generate electricity by using turbines [18]. Another way to use solar 
energy is by converting the sunlight directly to electricity by using Photovoltaic (PV) 
modules [19]. There is also an indirect way used to utilise solar radiation because most 
of the sunlight is absorbed by the oceans, which are warmed and add water vapour to 
the air, which condensates as rain which feeds the rivers. The water cycle can be utilised 
by making dams and turbines to extract the energy from the water [20]. 
 
2.3 Photovoltaic Technology 
PV devices convert sunlight to electrical power, depending on the semiconductor 
material used. The principle of the solar cell is to absorb the photons from the sun and to 
generate power after the separation process of electron and holes. Meanwhile, the main 
function of PV devices is to convert the energy from solar radiation to electricity by the 
voltage difference that produces once the light falls on the cell. This is called the PV effect, 
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which was discovered by Edmond Becquerel in 1839 [21, 22]. The first solar cell was 
built in 1883 by Charles Fritts, whose efficiency was 1%. Then modern solar cell was 
patented to Russel Ohl in 1946 [23-25]. The name ‘photovoltaic’ is derived by the 
combination of two different words: ‘photo’, the Greek word for light; and ‘Volt’, from 
Count Alessandro Volta, the inventor of the battery [18]. There are many types of solar 
cell that can do the same operation but with a different capability of harvesting the 
amount of light due to the spectrum used. 
 
2.3.1 Operating Principles of a Solar Cell 
A solar cell is an essential element in any solar PV system and many works of literature 
have discussed the basic operation of a solar cell [18, 26-29]. The photovoltaic cell (PV 
cell) is a specialised semiconductor diode that converts the visible light into direct 
current (DC). The PV cells generally consist of two thin regions, one above the other—N-
type and P-type. Since there is an internal electrical field, these pairs are separated and 
create the p-n junction in the middle. The collection of light-generated carriers by the p-
n junction causes a movement of the electrons to the n-type side and holes to the p-type 
side of the junction, as illustrated in Figure 2.2. 
 
 
Figure 2.2: Basic operation of a solar cell [30]. 
 
The negative layer (n-type) is usually made by doping the silicon with phosphorus to 
provide an extra electron. Through the excitation of the electrons to the higher energy 
level, the electrons become free to move through the material if the energy of a falling 
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photon is higher than the semiconductor bandgap. The positive layer (p-type) is usually 
made by doping the silicon with boron to create extra holes. 
A closed-circuit is formed by using a conducting wire, which connects the negative 
electrode, the load and the positive electrode in series, causing the current to pass 
throughout the terminals [31]. A solar panel or module is formed by connecting many 
individual solar cells, either in series or in parallel. The output voltage can be connected 
to a grid or it can act as a standalone system, as illustrated in Figure 2.3. 
 
 
Figure 2.3: PV cells, modules and arrays [32]. 
 
2.3.1.1 Equivalent Circuit of a Solar Cell 
The properties of a solar cell are similar to a diode; hence, the diode circuit can be 
described as an equivalent circuit of a solar cell (as shown in Figure 2.4). 
 
 
Figure 2.4: Electrical equivalent circuit model of PV cell [33]. 
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The operation of an ideal cell is described by the Shockley solar cell operation [26, 32] 
𝐼 = 𝐼𝑝ℎ − 𝐼0 [𝑒
𝑞𝑉
𝑘𝑇 − 1]   (2.1) 
where 𝐼𝑝ℎ is the photocurrent (Amps) that increases with the irradiance increase, 𝐼0 is 
the diode saturation current (Amps), 𝑞 is the electron charge (1.6x10-19 C), 𝑉 is the 
voltage across the terminals of the cell, 𝑘 is the Boltzmann Constant (8.617x10-5 eV/K) 
and 𝑇 is the Temperature in Kelvin. 
The equivalent solar cell circuit can be extended to include a series resistor and shunt 
resistor to represent the losses throughout the PV cell. The series resistor 𝑅𝑆 represents 
the sum of the front and back contact resistance surface (external resistance), connection 
strip and soldered joint. Whereas, the 𝑅𝑆ℎ represents the leakage of current across the p-
n junction (internal resistance) [34]. 
The output current of the solar cell for the single diode including the effect of resistance 
losses is given in Equation 2.2: 
𝐼 = 𝐼𝑝ℎ − 𝐼0  [𝑒
𝑞(𝑉+𝑅𝑆 .  𝐼)
𝑛.𝑘.𝑇 − 1] −
𝑉+𝑅𝑆 . 𝐼
𝑅𝑠ℎ
   (2.2) 
where 𝑛 is the ideality factor of the diode. 
The two important parameters in photovoltaics are the short-circuit current (𝐼𝑠𝑐) and 
the open-circuit voltage (𝑉𝑂𝐶). The former is obtained when the leads are shorted 
together, which lead to zero voltage and no current flows across the diode. The latter is 
obtained when the leads are not connected, and thus the current is zero. Both 𝐼𝑆𝐶  and 𝑉𝑂𝐶 
can be obtained from the I-V curve shown in Figure 2.5. 
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Figure 2.5: The I-V characteristics of an ideal solar cell: (a) and power produced by the cell (b) [26]. 
 
The Maximum Power Point (MPP) or (𝑃𝑚𝑎𝑥) in the I-V curve is determined as the product 
of the current at the maximum power point (𝐼𝑚𝑝) and the voltage at the maximum power 
point (𝑉𝑚𝑝). The conversion efficiency (𝜂𝑝𝑣) of the solar cell is calculated by using 
Equation 2.3 [35]: 
 𝜂𝑝𝑣 =
𝑃𝑚𝑎𝑥
𝐼 .  𝐴
                             (2.3) 
where 𝑃𝑚𝑎𝑥 is the maximum output power of the cell, 𝐼 is the solar radiation intensity 
(W/m2) and 𝐴 is the area of the entrance aperture. Consequently, the fill factor (FF) of 
the cell is an important parameter to determine the quality of the cell [36]. This compares 
between the theoretical power of the cell and the maximum power obtained: the quality 
of the solar cell is better when the fill factor is higher, which can be calculated by using 
Equation 2.4 [32, 37]: 
 FF =
𝑃𝑚𝑎𝑥
𝑉𝑂𝐶 .𝐼𝑆𝐶
                             (2.4) 
where the 𝑉𝑂𝐶  and 𝐼𝑆𝐶  are the open-circuit voltage and short-circuit current, respectively. 
There are many types of PV cells on the market, such as crystalline silicon cells, thin-film 
cells, multi-junction cells and organic cells. These types can be categorised under 
different generations, as shown in Figure 2.6. The details will be discussed in the next 
sections.  
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Figure 2.6: Various types of solar cell technologies [38]. 
 
2.3.2 First Generation Solar Cells 
The first generation of the solar cell was built by using silicon wafers. It has been 
reported that around 90% of installed PV capacity around the world is made from silicon 
wafers [39-41]. The crystalline family are subdivided into the two most popular types, 
which are monocrystalline (single) and polycrystalline (multi). The difference between 
these two types can be seen in Figure 2.7, and both types are produced by screen printing 
the device structure.  
 
 
Figure 2.7: Crystalline silicon cell: (a) monocrystalline and (b) polycrystalline [42]. 
 
The highest electrical conversion efficiencies reported by National Renewable Energy 
Lab (NREL) for crystalline cells (c-Si) are between 21.2–27.6% [43]. Conventional 
crystalline silicon (c-Si) has a layer thickness of 200–500µm. The monocrystalline cell is 
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made of silicon ingots, which have a cylindrical shape. For better performance and cost 
reduction, the four sides of the monocrystalline module are cut out of the cylindrical 
ingots to make silicon wafers. Most monocrystalline cells are grown by using Czocharlski 
(CZ) process, which uses a high grade of silicon. One of the most common types of 
monocrystalline cells that used in the literature is Laser Grooved Buried Contact (LGBC), 
which has the advantage of minimising the shading losses of the cell by using the laser to 
form the grooves [44]. The main advantages of the monocrystalline cell are: the silicon 
abundance, high-efficiency value, silicon non-toxicity, it is well established in commercial 
markets and it is proven to have high stability under outdoor conditions [45]. However, 
the major drawback lies in the complicated manufacturing process, which results in a 
slightly higher cost than other cell technologies, such as polycrystalline [46].  
In contrast, the polycrystalline solar cell does not use the CZ process and it is based on 
melting the raw silicon and then pouring it into a square mould, which is then cooled and 
cut into square wafers. The main advantage of polycrystalline silicon is the simpler 
process to produce this type of cell, which makes it less expensive compared to 
monocrystalline cells, while its disadvantage is its lower cell efficiency.  
 
2.3.3 Second Generation Solar Cells 
The second generation of solar cells are thin-film PV cells that have a layer thickness of 
only 1–10 µm of PV material. The amount of silicon is less than the crystalline silicon and 
the manufacturing process is also different. Thus, thin-film PV cells normally cost less 
than the conventional silicon cell because they require less material. The semiconductor 
material used in these cells is deposited on a glass substrate, which is a relatively low-
cost material [47]. An example of a thin-film solar cell can be seen in Figure 2.8. 
 
 
Figure 2.8: Thin-film solar cell [48]. 
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The name of the thin-film solar cell is derived from the cell’s thin layer, which causes 
fewer photons to be absorbed by the cell and results in less energy conversion efficiency 
compared with c-Si cells. The reported efficiencies of these cells by NREL varies from 13–
23.3% [43]. Most of the thin-film modules are made from amorphous silicon (a-Si), but 
also different compounds are used such as; Cadmium Telluride (CdTe), Gallium Arsenide 
(GaAs), Copper Indium Gallium Diselenide (CIGS) and Copper Indium Diselenide (CIS). 
The major advantages of these cells are: lower cost, simple production process and 
attractive shape that suits house façades. The drawbacks are their low delivered 
efficiencies and fast degradation of the cells. 
 
2.3.4 Third Generation Solar Cells 
Research in PV systems has focused on increasing the total efficiency of the cells at 
different generation levels. The main type of the third generation solar cell is a 
multijunction solar cell (MJ) that is made of III-V compound semiconductors, which aims 
to increase the cell’s efficiency by having two or more layers/junctions stacked on top of 
each other and which uses various band gaps (𝐸𝑔𝑎𝑝) to utilise more of the solar spectrum 
[49]. The higher electrical conversion efficiency for the MJ cells can be produced by 
adding substances such as Gallium Arsenide (GaAs) and Indium Phosphide (InP). The 
solar spectrum can be split to be absorbed by each of the junctions and thus minimise 
the thermal losses due to different bandgap energies at each junction [50]. Figure 2.9 
shows a comparison between the silicon cell solar spectrum (a) and the multi-junction 
cells (b), with respect to the AM1.5D solar spectrum. 
 
 
Figure 2.9: The AM1.5D solar spectrum: (a) for Si solar cells and (b) GaInP/GaInAs/Ge solar cells [49]. 
 
A schematic of the MJ cell with a different 𝐸𝑔𝑎𝑝 at each layer can be seen in Figure 2.10. 
The three cells are connected to absorb a wider part of the spectrum, starting with the 
Mazin Al-Shidhani   CHAPTER TWO 
15 
 
shorter wavelength that is normally placed on top of the stack and ending with the longer 
wavelength that is placed at the bottom of the stack. Hence, each junction produces lower 
photocurrent but as the sum of all junctions, the generated power is larger than the single 
junction. To date, the highest recorded efficiency by NREL for the MJ cell is 46%, which 
is more than double the efficiency of crystalline silicon cells. 
 
 
Figure 2.10:  Schematic baseline of GaInP/GaAs/Ge MJ solar cell [51]. 
 
In addition, other types of cells have shown great potential but require further 
development to replace the conventional solar cells, such as dye sensitised solar cells, 
perovskite cells and organic cells. The highest reported dye sensitised cell efficiency was 
11.9%, whereas 24.2% and 15.6% were reported for perovskite single junction cell and 
organic cells, respectively. A high conversion efficiency of 35.5% can be achieved by the 
perovskite-Si triple junction cell [52]. The advantages of the perovskite cell include less 
requirement for high temperature in the manufacturing process and it is considered as 
environmentally friendly, whereas the drawbacks mainly fall on the expensive 
compounds that it uses and its high volatility [53]. Figure 2.11 shows the best research 
cell efficiencies at laboratories by the National Renewable Energy Laboratory (NREL), 
since 1975. 
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Figure 2.11: Best research cell efficiency chart [43].
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 2.4 Concentrated Photovoltaics (CPV) 
The concentrated photovoltaic (CPV) system is a promising solution for cost reduction 
and to increase the power generation of the solar cell compared with a typical PV system 
[54, 55].  The first solar concentrator was reportedly developed in the fourth century in 
Greece, where a mirror reflected sunlight at a specific focal length to light a fire for 
religious ceremonies [56]. The cost of the material of a PV cell contributes 50% of the 
cost of the total PV system [57]. CPV has shown to be a great improvement in terms of 
component material recycle, space use, and less amount of toxic materials used in the 
production process [58]. Concentrated photovoltaics use two methods to overcome the 
limitation of higher photocell cost: the first method uses Building Integrated 
Photovoltaic (BIPV) based on available space on the building roof or façade, and the 
second method uses a CPV [59]. CPVs are based on using optics, such as lenses or mirrors, 
to concentrate the sunlight onto a small area of the solar cell to generate electricity [19, 
60]. Generally, the concentrator system consists of three main parts: entry aperture, 
reflector or refractor, and exit aperture. The entry aperture collects the incoming 
sunlight, and the reflector is used to concentrate and direct the sunlight to the exit 
aperture, where the third concentrator element takes place and the PV cell is attached. 
The concentrator material can be made of glass, mirrors or acrylic plastics, which are a 
comparatively inexpensive optical element that can reduce the cost of PV material in 
general [61]. An example of a PV concentration principle is shown in Figure 2.12 using a 
Fresnel lens (FL) as a concentrator optic. 
 
 
Figure 2.12: Schematic illustration of PV concentrator using a Fresnel lens[62]. 
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Authors such as Rabl and Winston have investigated the basics and fundamental 
concepts of concentrators [63, 64]. Prior to exploring more about the classifications of 
the concentrator, their categories and types, it is essential to explain some basic terms 
and concepts of concentration ratio (CR) and the concentrator limit, as follows: 
1- Geometrical concentration ratio, 
2- Optical concentration ratio, 
3- Acceptance angle of the concentrator. 
 
2.4.1 Geometrical Concentration Ratio 
The geometrical concentration ratio (𝐶𝑔𝑒𝑜) is the most commonly used term in solar 
concentrators, where it is the main definition to determine the ability of the concentrator 
to concentrate light rays. It is defined as the ratio between the entrance aperture area 
(𝐴𝑒𝑛𝑡𝑟𝑦) and the exit aperture area (𝐴𝑒𝑥𝑖𝑡) of the concentrator [64]: 
𝐶𝑔𝑒𝑜 =
𝐴𝑒𝑛𝑡𝑟𝑦
𝐴𝑒𝑥𝑖𝑡
                             (2.5) 
The concentration ratio is also referred to as ‘suns’ [65] and has a unit of ‘x’, which simply 
explains the number of the concentration that the concentrator has delivered; for 
example, a (4x) or (4 suns) concentrator can concentrate four times compared to a flat 
panel. Meanwhile, for the normal PV panel the 𝐶𝑔𝑒𝑜=1 and if it is integrated with a 
concentrator the   𝐶𝑔𝑒𝑜> 1 [66, 67]. 
 
2.4.2 Optical Concentration Ratio 
The optical concentration ratio is another term that is used to calculate the concentration 
ratio. It is defined as the average flux or intensity (𝐼𝑟) that comes out from the 
concentrator exit multiplied with receiver area (𝐴𝑟) to the insolation incident (𝐼𝑎), which 
goes in the concentrator entry aperture and is given by [68]: 
𝐶𝑅𝑜𝑝𝑡𝑖𝑐𝑎𝑙 =
1
𝐴𝑟
 ʃ 𝐼𝑟𝑑𝐴𝑟
𝐼𝑎
              (2.6) 
 
2.4.3 Acceptance Angle of the Concentrator 
The acceptance angle defines the limit to which the incidence light can still be collected 
by the concentrator and delivers the rays from the aperture plane to the absorber plane 
[68]. A schematic diagram of the sun and a concentrator is illustrated in Figure 2.13, 
where R is the distance from the sun to the concentrator aperture, r is the radius of the 
sun, (𝛳𝑚) is half of the angle subtended by the sun, and Aa and Ar are the aperture area 
and receiver area of the concentrator.  
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Figure 2.13: Schematic of the sun and a concentrator [67]. 
 
The half acceptance angle is also can be described by the symbol (𝛳c). The maximum 
concentration ratio that can be obtained from 2D and 3D concentrators are a function of 
(ϴc), and can be described as follows: 
𝐶max(2𝐷) =
1
sin (ϴc)
  ,  𝐶max(3𝐷) =
1
sin2 (ϴc)
             (2.7) 
While solar concentrators increase the power output of the cell, they also increase the 
temperature and non-uniformity of light distribution (as will be discussed later in this 
chapter).  
 
2.5 Solar Concentrators: Classifications and Types  
There are several ways to collect and concentrate the sunlight in PV technology. The 
conventional PV cells or modules are normally a standalone system, which is not 
attached with a concentrator and which is called non-concentrated PV. Meanwhile, a PV 
system that is attached to a concentrator is called CPV system and generally can be split 
into three main categories: solar PV, solar thermal or solar PV/Thermal. Furthermore, 
the light that is concentrated and which exits the concentrator to be focused on the solar 
cell can be divided into three categories based on illumination intensity and known as 
CR [2, 58, 69, 70]. These three categories are as follows: 
• Low Concentration Photovoltaic (LCPV) 
The concentration ratio under the LCPV is under 10x (CR < 10x), and no essential need 
for tracking mechanism due to the high acceptance angle [71]. The Si-based solar cell is 
normally used under this category and MCPV [72]. 
• Medium Concentration Photovoltaic (MCPV) 
The concentration ratio for the MCPV varies between 10 and 100x (10x < CR<100x), 
where a single-axis tracking system is required to convert the maximum of the incident 
sunlight [73].  
• High Concentration Photovoltaic (HCPV)  
The concentration ratio for the HCPV is greater than 100x (CR >100x), a high precision 
tracking system with two axes is required [74] and the cell based on III-V materials is 
best suited under this category [65]. 
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The two most common methods used to concentrate the sunlight are reflectors (mirrors) 
or refractors (lenses) [75]. In case of using reflectors, the light is reflected once it hits the 
reflector material applied in the concentrator, where it is concentrated and focused at 
the receiver. Whereas using lenses, the light is refracted through the material and is 
concentrated and focused at the receiver. Both designs can be used for PV application, as 
well as thermal applications. The two major classes of solar concentrator (i.e. imaging 
and non-imaging concentrators) [76] will be discussed in the next section. To compare 
between the two types Figure 2.14 gives a schematic illustration. 
 
 
Figure 2.14: Difference between imaging and non-imaging concentrator [77]. 
 
2.5.1 Imaging Concentrators 
Imaging concentrators are called imaging because they produce an optical image of the 
sun on the receiver side [78]. Many authors discussed the point focused CPV type where 
this system combines the optical element and the solar cell to increase the amount of 
irradiation reached to the receiver side and thereby increase the efficiency and solar 
concentration [79]. Normally the MCPV and HCPV fit this category and the most common 
two types of the imaging concentrators for generating power in the power plant or 
domestic are as follows [80]: 
 
 
 
 
Mazin Al-Shidhani   CHAPTER TWO 
21 
 
• Reflective Dish Concentrator 
The reflective dish concentrator is based on point focus technology and mainly consists 
of three parts: a reflector mirror, MJ solar cell that is placed at the focal point and a sun 
tracking system, as shown in Figure 2.15.  
 
 
Figure 2.15: 1.5 MW concentrated PV solar dish concentrator in Mildura, Australia [81]. 
 
Each dish concentrator consists of more than 100 curved mirrors that reflect the sunlight 
and concentrate it up to 500 times and then directed these rays to the high-efficient solar 
cell that can convert energy at efficiency reached up to 46% compared to the average PV 
panel efficiency of 15%. This CPV system generates enough power to light 500 homes 
[82]. Another type of reflective point focus CPV system called Cassegrain Mirror Optics 
(CMO). Max et al. [83] studied this design which composes of two concentrators: a 
primary parabolic reflector and a hyperbolical secondary optic. A schematic diagram of 
this type of system is shown in Figure 2.16. 
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Figure 2.16: Schematic structure of the Cassegrain mirror [83]. 
 
The authors developed a high concentrating passive cooled CPV module with a 
Cassegrain mirror that has a geometrical concentration ratio of 1037x. 
 
• Refractive Fresnel Lens  
Fresnel lens is widely used in CPV application as a primary optical element to refract the 
incoming rays to a focal point. A schematic diagram of this CPV system is shown in Figure 
2.12 (section 2.4). A conventional CPV system uses only one optical element such as 
Fresnel lens as a primary optic to concentrate solar radiation on the solar cell that can 
cause a non-uniform illumination distribution on the solar cell. Irfan [84] proposed an 
efficient approach to deliver a uniform distribution across the solar cell as the non-
uniform illumination is a well-known problem in the CPV system [85]. The author used 
the Fresnel lens as a Primary Optical Element (POE) and an element made of cylindrical 
and spherical parts as a Secondary Optical Element (SOE). Figure 2.17 shows a layout of 
the proposed CPV system under ray-tracing simulation. 
 
 
Figure 2.17: Array level layout of eight-fold Fresnel-based CPV system [84].  
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A similar approach has been proposed by Tien and Shin [86] to improve the irradiation 
uniformity across the solar cell but with the use of a plano-concave lens as SOE. 
 
2.5.2 Non-imaging Concentrators 
Unlike the imaging concentrators, the non-imaging concentrators do not attempt to form 
an image of source at the receiver end [87]. The most well-known type of non-imaging 
concentrator is the Compound Parabolic Concentrator (CPC), which was first used by 
Winston and Hinterberger in 1974 [88] and considered as an ideal concentrator working 
for a given acceptable angle. The typical CPC parameters with two symmetric parabolas 
at each side are shown in Figure 2.18.  
 
Figure 2.18: Cross-section of a CPC [89]. 
 
The geometrical characteristics of CPC include: aperture area, receiver area, acceptance 
angle and height of the CPC [88]. The main advantage of the CPC concentrator is the 
ability to concentrate the light within the designed acceptance angle[90], in addition to 
its wide acceptance angle [91, 92]. To maximise the power production of CPC for LCPV 
system, a tracking system is often needed to harvest more illumination to get maximum 
efficiency [93]. CPC concentrators can be classified into two categories: 2D and 3D. The 
subdivisions of the two types are shown in Figure 2.19. The 2D system will be explored 
under this section of literature, whereas the 3D system will be discussed in detail in the 
following section. 
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Figure 2.19: Classification of CPC concentrators. 
 
Hatwaambo et al. [94] experimentally evaluated the performance of a 2D CPC 
concentrator with different specular reflectors (e.g. rolled aluminium foil, anodized 
aluminium and mirror reflectors). The symmetric CPC is used for the outdoor 
experiment that can be seen in Figure 2.20. 
 
 
Figure 2.20: Symmetric  CPC reflector with 10-cell module string [94]. 
 
The results show that a more uniform distribution was found with a rolled aluminium 
reflector than the other two types. However, this reflector delivered less power output 
of 30.5 W compared to mirror reflector, which reached 33.4 W and 32.9 W for the 
anodized aluminium.  
A novel 2D asymmetric compound parabolic concentrator (ACPPVC) has been designed 
by Mallick et al. [95] to be used in a vertical façade in the UK. The main advantage of the 
presented design is its ability of collecting the diffuse solar radiation in addition to the 
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direct component. The prototype was tested outdoors and the concentrator reflector 
was removed from the PV to compare the results with non-concentrated PV. It was found 
that the power of ACPPVC is 1.62 times more than the power produced by the non-
concentrated system. Moreover, the experimental results were different from the 
theoretical value calculated for power output, due to the series resistance tapping of 
wires between cells. Later on, Mallick et al. [96] presented a similar comparison between 
the non-concentrating system and asymmetric compound parabolic concentrator. Their 
results show that for the concentrating system, the solar to electrical conversion 
efficiency was 6.8% compared to 8.6% for the non-concentrating system and the average 
cell temperature was captured only 12 °C difference to the non-concentrating system. 
Both systems have the same cell type and size of (50 mm x 125 mm) connected in eight-
string (five cells in a string) making a total number of 40 cell/system. The two systems 
were kept outside for 30 days and the results showed an increased in maximum power 
point by 62% after using the ACPPVC-50. Figure 2.21 shows the outdoor experiment 
setup for both systems. 
 
Figure 2.21: Non-concentrating and ACPPVC-50 outdoor experiment at the University of Ulster in 
Northern Ireland [96]. 
 
On the basis of 2D CPC, a uniquely designed lens-walled CPC was proposed by Guiqiang 
et al. [97-99], which is considered as a combination of lens CPC shape (dielectric) with a 
reflector CPC; as shown in Figure 2.22. 
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Figure 2.22: Cross-section view of lens-walled [99]. 
 
Their results illustrated a good agreement between the simulated and experimental 
results in terms of optical efficiency and the maximum difference reached 5%. 
Meanwhile, a comparative study between lens-walled CPC with the common mirror and 
dielectric CPC was carried out by Y Su et al. [100] in terms of annual solar energy 
collection. The CPC has a geometrical concentration ratio of 2.5 and a half acceptance 
angle of 23.5°. However, despite the higher acceptance angle for lens-walled CPC 
indicated by the simulation results, the lens-walled CPC proved to have less optical 
efficiency than other CPCs. The results showed that the lens-walled CPC can achieve 
about 80% of the dielectric CPC and 20–30% larger than the mirror CPC.  
 
2.6 Cross Compound Parabolic Concentrator (CCPC) 
This section of the literature review will focus closely on the CCPC designs, 
characteristics, optical efficiency and reflector types that have been used by several 
researchers to date. Optical efficiency is an essential element for success in any 
concentrator because it is the main indicator that measures the fraction of ray’s 
transmission from the entry aperture to the exit aperture [101]. A concentrator with 
better optical efficiency will ensure the high overall performance of the system. The CCPC 
is generated based on the original 2D CPC, as stated by Winston [88]. It is within the non-
imaging concentrator family, which basically does not reflect the image of the sun at the 
receiver side. The design of CCPC is obtained by rotating the 2D CPC parabolic curves 
across the axis of CPC, which results in a 3D CPC with a square entry and square exit area. 
Prior to designing the CCPC, several parameters need to be taken into consideration (as 
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discussed in detail in Chapter Four). In this section, a comprehensive literature review is 
given for this particular type of concentrator because it is considered to be the main 
content of this thesis. Many authors have considered CPC as the best stationary 
concentrators because it does not require a tracking mechanism [102], while it has a 
concentration ratio below 10x and a wide acceptance angle [63, 64]. The CCPC can be 
reflective or refractive, depending on the type of material that is used to direct the 
sunlight to the receiver end. The most common refractive CCPC type is made by a 
dielectric material, hence it is called a dielectric CCPC. It has been reported that the 
optical efficiency is reduced to 80% by using a FL or other refractive element [103]. The 
CCPC is normally symmetric parabola curve with the same size, which has a square shape 
at the entry aperture. Another type that has been discussed in the literature of CCPC is 
the Asymmetric Compound Parabolic Concentrator (ACPC). These three different CCPC 
types are discussed briefly in the following sections. 
 
2.6.1 Reflective Cross Compound Parabolic Concentrator  
The low-concentrator CCPC normally uses reflective material to provide a specular 
surface, such as aluminium foil, or by applying the coating in the inner surface of the 
CCPC to reflect the light towards the receiver end.   
Mammo et al. [35] designed and experimentally tested a 3D cross-compound parabolic 
concentrator to build an integrated PV application with a half acceptance angle of 30˚. 
Their design consisted of 81 single 3D CCPCs, as shown in Figure 2.23 (b). The original 
geometrical concentration ratio was 4x and after truncation it becomes 3.61x. A 
simulated ray-tracing optical efficiency of 94.6% was reported compared with an 
experimentally optical efficiency of 75.2%, which gave a deviation of 19.4%. Despite the 
high reflectivity of the inner surface for the CCPC, which reached 96%, the maximum 
optical efficiency measured for this geometry is relatively low. 
 
 
Figure 2.23: Schematic diagram of: (a) unit 3D CCPC profile and (b) 9x9 3D CCPC (dimension in mm) [35]. 
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The LGBC concentrating solar cell was used and was found to have an electrical efficiency 
of 14%. These authors validated the electrical performance by developing MATLAB 
simulation code and obtained a maximum power of 4.25 W for the 3D CCPC PV. 
Compared with the non-concentrating PV panels, they achieved a maximum power of 
1.45 W. The short-circuit current achieved with the 3D CCPC PV was 318 mA compared 
to 122 mA for non-concentrating PV. Moreover, the maximum electrical conversion 
efficiency for the design reached 14.2% at 1 sun. Thermal analysis shows that average 
module temperature reached to 50 °C after 3 hours of operation and the output power 
decreased by 0.014 /°C for each increasing temperature degree. Angular response of the 
3D CCPC PV was taken for different angles from 0° to 45°. 
On the basis of previous work, Sellami et al. [104] studied the optical, electrical 
performance and uniformity distribution of a crossed CPC; as shown in Figure 2.24. The 
geometrical concentration ratio of CCPC is 3.6 and it has a half acceptance angle of 30°. 
It was made by using a 3D printer. The simulated and experimental optical efficiency was 
95% and ~80%, respectively. 
 
 
Figure 2.24: Array of nine experimental models of 3D CCPCs: (a) covered with reflective film; (b) 
concentrating cells assembly with CCPCs [104]. 
 
These authors found non-uniform distribution on the cell surface under concentration, 
which leads to a decrease in the efficiency of the solar cell. Meanwhile, the optical 
efficiency was recorded at different incident angles. 
A similar design of 3D CCPC has been investigated in the indoor environment by Biag et 
al. [105]. The original geometrical concentration ratio was 4x but after truncation it 
becomes 3.6x and it has a half acceptance angle of 30°; as can be seen in Figure 2.25 (b). 
 
Mazin Al-Shidhani   CHAPTER TWO 
29 
 
 
Figure 2.25: 3D crossed compound parabolic concentrator: (a) schematic for a unit reflective 3D CCPC, 
(b) design of CCPC and (c) the module of the CPV system [105]. 
 
Although the aluminium reflective material used in the system has a reflectivity of 94%, 
the maximum experimental optical efficiency only reached 77.2%, which represents a 
deviation of 16.8% from the simulated results. The output power of the cell was boosted 
after it was integrated with the CCPC and a power ratio of 2.82 was achieved compared 
to the non-concentrating PV system. The same system was studied further in an outdoor 
environment. In this case, the optical efficiency dropped by 4.2% from the indoor testing, 
which leads to an increase in the deviation from the simulation optical efficiency to 21%. 
 
A further study of CCPC design integrated with the thermoelectric device was proposed 
by Sweet et al.[106]. A triple-junction solar cell with an active area of 5.5 mm x 5.5 mm 
was used in this study. The calculated cell efficiency and optical efficiency of the system 
after introducing the CCPC was 23.83% and 78.8%, respectively. A photograph of the 
CCPC optic can be seen in Figure 2.26. 
 
 
Figure 2.26: A photograph of CCPC optic that used in the system [106]. 
 
Baig et al.[107] introduced a novel 3D CCPC design, called a conjugate CCPC, which 
consists of refractive dielectric material and an enveloped reflective geometry of the 
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same shape to maintain an air gap between the two materials; as illustrated in Figure 
2.27.  
 
 
Figure 2.27: Components of the conjugate system [108]. 
 
The system was designed to have a geometrical concentration ratio of 3.6x. A reflective 
film was used at the edge of the CCPC to direct the skipped light to an LGBC solar cell. 
The maximum optical efficiency of the system reached 77% at the incidence angle of 10° 
and a power ratio of 2.76 was delivered.  
A recently developed novel design by Baig et al. [108] has been investigated with five 
units of CCPCs connected with a heat extraction unit. The reflective concentrators were 
fabricated with a 3D printing technique and were coated with an average reflectance of 
96%; as shown in Figure 2.28. The system was designed to have a geometric 
concentration ratio of 3.6x and an active LGBC cell area of 1cm2 placed at the exit 
aperture.  
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Figure 2.28: A 3D printing CCPCs: (a) computational domain of the system and (b) reflective coating of 
CCPC array [108]. 
 
Due to the roughness of the reflector’s inner surface, the maximum optical efficiency was 
found to be under 67% under normal incidence and a maximum power ratio of 2.41 was 
achieved. 
 
2.6.2 Dielectric Cross Compound Parabolic Concentrator  
The refractive type of CCPC normally uses a dielectric-filled material that works on a 
principle of Total Internal Reflection (TIR) to direct the light towards the receiver end. 
The dielectric material offers better acceptance angle compared to reflective CCPC type, 
while the optical efficiency is lower than the reflective type [108]. 
This type of concentrator was first established and put forward by Winston[109]. Many 
researchers have subsequently analysed the performance of dielectric material for linear 
concentrating PV systems [109-112]. 
Baig et al. [113] introduced a refractive 3D CCPC that was used to build an integrated 
system. The design has a geometrical concentration ratio of 3.6x and it is made from a 
clear polyurethane material, as shown in Figure 2.29 (a), which worked on the concept 
of TIR to concentrate the light to the LGBC solar cell attached on the receiver aperture.  
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Figure 2.29: 3D CCPC: (a) made by polyurethane material, (b) geometry used for thermal analysis and (c) 
temperature distribution across the CCPC system [113]. 
 
These authors carried out theoretical and experimental studies, which include optical 
efficiency, power output and uniformity distribution on the cell surface. This system 
achieves maximum optical efficiency of 73.4% and a power ratio of 2.67. The authors 
discovered a drop of 2.2% in the 𝐼𝑆𝐶  due to non-uniformity distribution of light. The 
highest temperature value of 332K recorded at 0° incident angle and dropped to 299K at 
60° incidence. To improve the system, the authors extended their research on a dielectric 
3D CCPC and added reflectors on the edges of the optical element to collect the escaped 
light; as shown in Figure 2.30 (a) [114]. 
 
Figure 2.30: Dielectric 3D CCPC: (a) schematic diagram and (b) prototype without and with a reflective 
film [114]. 
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Their results show an improvement in the power ratio from 2.67 to 2.73. However, this 
model shows less effect on the optical efficiency when using the reflector film at the 
edges. The authors also found that the maximum short-circuit current and optical 
efficiency for reflective film concentrator observed at an incident angle of ±10° was 96.4 
mA and 73%, respectively.  
To improve the flux intensity and uniformity under dielectric 3D CCPC, Chong et al. [115] 
proposed a design based on Non-imaging Dish Concentrator (NIDC) as POE and a 
dielectric CCPC as a SOE. The primary concentrator (NIDC) consists of mirrors that 
reflect the light to the dielectric 3D CCPC, which have a wide acceptance angle and work 
to further concentrate the sunlight to the CPV module. Their results show an 
improvement in the electrical performance after integrating the two concentrator 
systems. 
Other dielectric 3D symmetric concentrators were proposed by Mallick et al. [116], who 
introduced a novel design introduced called Symmetric Elliptical Hyperboloid (SEH). 
This design has a geometrical concentration ratio of 6x and the concentrator is made 
from polyurethane material. The dimensions of the SEH prototype are given in Figure 
2.31 (a). This design consists of elliptical entry shape, square exit aperture and 
hyperboloid profile. 
 
 
Figure 2.31: SEH prototype: (a) dimensions of the design and (b) concentrator array made of 
polyurethane [116]. 
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These authors optically simulated and experimentally evaluated the concentrator. Their 
results show that the concentrators maximum optical was 61.6% and the power ratio 
was 3.7. Their thermal study showed that the maximum solar cell temperature was 319 
K under normal irradiance. However, some losses were observed, due to manufacturing 
defects, which reduce the efficiency of the concentrator. Consequently, different shaped 
3D CPCs have been developed, which will be described in the next section. 
 
2.6.3 Asymmetric Compound Parabolic Concentrator  
The LCPV design has less requirement for tracking and a wide acceptance angle. 
Consequently, a Three-dimensional Asymmetric Compound Parabolic Concentrator (3D 
ACPC) has been proposed. The parabola in the asymmetric concentrator has two 
different lengths, which lead to a wider acceptance angle as a result of the asymmetric 
shape. The 3D ACPC has been found to be more suitable to be used in building façades 
compared to the symmetric CCPC [96] and it can be also used for highly seasonally-
dependent locations [117].  
Schuetz et al. [118] designed and experimentally tested a 7x 3D ACPC using an 
aluminized acrylic mirror on the inner surface of the concentrator. These authors 
coupled 120 LGBC solar cells with concentrators, forming an array of (10 x 12) to be used 
for single-tracking; as shown in Figure 2.32. 
 
 
Figure 2.32: 3D ACPC: (a) unit prototype and (b) array of 10x12 ACPC [118]. 
 
Their results show that the Isc increased from 0.45 A to 2.53 A, while the VOC increased 
from 566 mV to 626 mV under concentration. The maximum optical efficiency delivered 
per unit concentrator is ~55%, which is due to low specular reflectance of the ACPC. 
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Abu-Baker et al. [92] designed a Rotationally Asymmetric Compound Parabolic 
Concentrator (RACPC), which is a novel type of solar concentrator that can be used to 
build an integrated application with a geometrical concentration ratio ranging from 1.73 
to 6.59x. A simulation study has been undertaken and the maximum optical efficiency 
was 98%. 
Later, Abu-Baker et al. [119] evaluated the performance of the RACPC system and carried 
out indoor testing. Their design has a geometrical concentration ratio of 3.6675x and a 
1cm2 monocrystalline LGBC solar cell has been coupled with the RACPC system; as 
shown in Figure 2.33 (b).  
 
 
Figure 2.33: (a) Demonstration of the angular rotation of 2-D, (b) prototype of RACPC-PV system [119]. 
 
Their results show that there was a boost in short-circuit current from 35.5 mA to 107.0 
mA for the bare cell and with RACPC prototype, respectively, while the optical efficiency 
of the concentrator was 82%. The maximum prototype temperature was 57 °C after 
2.75h of exposure under solar simulator and the maximum power coefficient was 0.2188 
mW/°C. 
Table 2.1 provides a summary of the literature of the different types of CPC and it also 
gives the maximum recorded optical efficiencies of the concentrator. 
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Table 2.1: Summary of different types of 3D CCPC in the literature. 
Sr. 
No 
Authors Year Type of 3D 
CPC 
Geometrical 
Concentration 
Ratio 
Optical 
Efficiency 
(𝜼𝒐𝒑𝒕) 
Research 
Test 
Category 
Findings 
1 Kara et al. 
[120] 
2011 Asymmetric 
Reflective 
10.3x 60% Indoor Optical losses 
2 Schuetz 
et al. 
[118] 
2012 Asymmetric 
Reflective 
10.3x 55% Outdoor Optical losses 
 
3 
 
Mammo 
et al. [35] 
 
2012 
 
Symmetric 
Reflective 
 
3.61x 
 
75.2% 
 
Indoor 
-Manufacturing errors 
-Miss-match 
-Series resistance losses 
-Thermal losses 
4 Sellami et 
al. [59] 
2012 (SEH) 
Refractive 
4x 70% Indoor - Non-uniform distribution for 
different dimensions 
5 Sellami et 
al. [104] 
2013 Symmetric 
Reflective 
3.6x 80% Indoor Non-uniform flux distribution 
6 Baig et al. 
[113] 
2014 Symmetric 
Refractive 
3.6x 73.4% Indoor -Non-uniform distribution 
-Misalignment issues 
7 Baig et al. 
[116] 
2015 (SEH) 
Refractive 
6x - Indoor -Manufacturing losses of the 
concentrator 
8 Chong et 
al. [115] 
2015 Symmetric 
Reflective 
5.998x - Outdoor -Transmissivity of dielectric 
material is 87.5% 
9 Abu-
Baker et 
al. [119] 
2015 Rotationally 
Reflective 
3.6x 82% Indoor The maximum temperature 
reached is 57 °C and the power 
coefficient is 0.2188mW/°C 
10 Mallick et 
al. [114] 
2015 Symmetric 
Refractive 
3.6x 73% Indoor Drop-in VOC after adding the 
reflective film 
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11 Baig et al. 
[105] 
2016 Symmetric 
Reflective 
3.6x 78% Indoor Thermal issues 
12 Tracy et 
al. [106] 
2016 Symmetric 
Reflective 
4.0x 78.8% Indoor Temperature coefficient for 
maximum power output is -
0.162%/K 
13 Paul et al. 
[121] 
2016 Symmetric 
Reflective 
3.6x 66.7% Indoor Different parameters affect the 
performance of the system (i.e. 
circuit current, reverse 
saturation current etc.) 
14 Baig et al. 
[122] 
2017 Symmetric 
Reflective 
3.6x 73% Outdoor Thermal issues 
15 Chong et 
al. [123] 
2017 Symmetric 
Refractive 
5.998x 67.9% Outdoor -Fresnel reflection losses in the 
primary optical element. 
-Absorption losses from the 
dialectic CCPC 
16 Baig et al. 
[107] 
2018 Symmetric 
Reflective 
3.6x 77% Indoor Increasing the air gap between 
the conjugate system reduces 
the optical efficiency 
 
17 Ferrer-
Rodrigue
z et al. 
[124] 
2018 Symmetric  
Refractive 
5.998x 73.4% Indoor Surface roughness 
imperfections 
18 Baig et al. 
[108] 
2018 Symmetric 
Reflective 
3.6x 67% Indoor -Reflective coating depends on 
the surface finish of the 
substrate 
 
 
 
Mazin Al-Shidhani   CHAPTER TWO 
38 
 
2.7 Effect of Non-uniformity Illumination on PV Output 
The non-uniform illumination and performance of solar cells have been investigated by 
several researchers, who have found a strong link between non-uniform illumination 
and the overall PV performance [79, 125, 126]. The uniform distribution of light in 
optical systems, such as a CPV system, is one of the most important parameters and 
requires more attention to reduce non-uniformity because it can reduce the efficiency of 
the system due to the effect of series resistance [127]. For example, Hasan et al [79] 
discussed the effects of non-uniformity in the PV system and summarised them in three 
main effects; such as hotspots, which reduce the overall efficiency of the system and 
create a current mismatch. The authors also mention that the effects may either be 
electrical or thermal. Meng et al. [128] carried out a study of flux distribution on CCPC 
combined of absorber and reflector absorber, called AR-CCPC. Figure 2.34 (b) shows 
hotspots at four focal points of the CCPC at the solar cell surface. 
 
 
Figure 2.34: Heat flux distribution: (a) AR-CCPC wall and (b) solar cell at the bottom of the AR-CCPC [128]. 
 
Cuevas and Lopez [129] stated that the internal current still flows in a non-uniform cell, 
even in open-circuit conditions, and this current is directly proportional to the degree of 
uniformity. This causes a voltage drop. It also causes the open-circuit voltage (𝑉𝑂𝐶) to 
reduce due to non-uniform illumination. Luque et al. [130] explain that the electrical 
impact of non-uniformity arises because it produces ohmic drops that are higher than 
expected when the cell is normally operating in higher irradiance. The major electrical 
parameters that are affected by non-uniformity are short-circuit current, open-circuit 
voltage, electrical efficiency, fill factor and solar cell power. The optical system 
concentrates the sunlight on the solar cell, which illuminates some parts of the cell while 
other portions are not exposed to the sunlight, which leads to non-uniform illumination 
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of the cell. The non-illuminated part of the cell will produce low current, while the 
illuminated part of the cell will produce a high current. Consequently, the least 
illuminated part carries the high current due to series connection and this causes the PV 
to become reverse bias and drop some power [131]. 
Non-uniformity in the PV cell can be directly or indirectly caused by improper design of 
the concentrator, an imperfection in the mirror’s geometry, a structure misalignment, or 
optical properties [132]. Franklin et al. [133] experimentally evaluated the cell under 
uniform and non-uniform illumination, and noticed a huge drop in open-circuit voltage 
and efficiency for the non-uniform case. These authors experienced a large reduction of 
these two factors with the increase of the illumination profile. The I-V curves for both 
situations were recorded and they revealed a significant reduction in VOC and the 
efficiency of the solar cell.  
Lu et al. [134] Investigated the impact of non-uniform illumination on a conventional 
polycrystalline solar cell and emphasised that the maximum power (𝑃𝑚𝑎𝑥) and the fill 
factor (𝐹𝐹) decreases with the increase of the non-uniformity illumination distribution. 
These authors found that the power loss in a low concentrated PV system is not only due 
to non-uniformity illumination itself but is also due to the temperature rise due to the 
non-uniformity. Andreev et al. [135] investigated the effect of non-uniform light intensity 
on the I-V curve of GaAs single-junction solar cell. Their results show a significant 
deviation in the curve due to fill factor and voltage open-circuit drop. 
Minimising non-uniform illumination can increase the power output and deliver better 
PV system performance. Chen et al. [136] aimed to reduce the uniformity effect in the 
concentrator with a tubular absorber by using the first-order differential equation for 
the reflector profile. The concentrator’s length is optimised with the help of the ray-
tracing process. Ricardo et al. [137] proposed a method to enhance the flux uniformity 
in the receiver side of a point focus solar concentrator integrated with 18 spherical 
mirrors. The author optimised the receiver distance and adjusted it to reduce the hot 
spot by using optical ray-tracing software. Another method proposed by [127] for the 
indoor procedure measured the losses of the non-uniformity of the cell using a camera 
that produces non-uniform Gaussian irradiance profile of the CPV cell. Furthermore, 
Diego and Ivan [138] used a diffuser segment to distribute the light illumination evenly 
across the PV panel. These diffusers can eliminate the high peaks caused by the CPC 
concentrator. Another method uses an Optical Mixer (OM) to provide uniform 
illumination of the PV surface integrated with a CPC concentrator [139], and for 
PV/TEG/STC [140]. A two-stage PV concentrator technique can enhance the uniformity 
illumination of light on the PV surface, while increasing the concentration ratio [141]. A 
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flux distribution simulation has been used by Cooper et al [142] for various polygonal 
CPCs at different half acceptance angles; as illustrated in Figure 2.35. 
 
 
Figure 2.35: Flux distribution at the receiver for various polygonal CPCs with half acceptance angle: (a) ϴc 
=5°,  (b) ϴc =30°, and (c) ϴc =45° calculated by Monte Carlo ray-tracing with 109 rays [142]. 
 
Although a higher flux uniformity can be achieved for revolved CPC compared to other 
polygonal CPCs, it is not easy to find a circle cell in the market to attach at the outer 
aperture of the revolved CPC. 
Non-uniformity not only affects the individual cell but it can also affect the whole string 
of a PV module that is connected in series [129]. For example, if the string of PV modules 
is not uniformly illuminated, then an internal current flows from a higher intensity 
region to a lower intensity region, which produces a voltage drop and affects the overall 
PV system. 
 
2.8 Advantages and Disadvantages of Concentrated 
Photovoltaics (CPV) 
CPVs offer many benefits in addition to electricity production and higher efficiencies 
compared to other types of PV technologies. However, like any other system, CPV faces 
some challenges and have some drawbacks.  Many authors have discussed the 
advantages and disadvantages of solar concentrator, as summarised and listed in Table 
2.2 [19, 143-147]. 
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Table 2.2: Summary of the advantages and disadvantages of solar CPVs. 
Sr.no Advantages Disadvantages 
1 Increases the total efficiency of the cell Concentrator system collects a fraction of 
diffuse radiation 
2 Reduces the required solar cell area Some of the concentrators required a 
tracking system 
3 Reduces semiconductor material May require periodic cleaning of the 
reflectors  
4 Reduce the cost Less reliable 
5 Better performance under hot 
conditions 
Required a rigid structure base (ground 
mount) 
6 High –grade thermal energy Risk of PV overheating 
 
2.9 Sun-tracking Mechanism  
A sun-tracking mechanism is probably required for medium and high solar concentrators (as 
discussed in Section 2.5). The main reason behind using a sun-tracking system is to move the 
concentrator or the module to follow the sun’s path across the sky, placing the axis of 
concentrator perpendicular to the sun rays to capture the maximum Direct Normal Irradiance 
(DNI). A tracking system has the advantage of increasing the daily energy production over the 
non-tracking flat panels, as illustrated in Figure 2.36. This figure shows a typical illustration 
and comparison of fixed and two-single axis tracker for one day in a year, and hours may 
change per the season and the location of the installed tracker, but generally they will look the 
same. The tracking systems quickly reach a plateau of power for several hours, while the 
stationary systems only reach their maximum power around midday. The date and location in 
this figure are not given as it is a typical illustration. However, a more accurate tracking system 
is required when the concentration ratio is higher, which leads to a more costly tracking 
mechanism [148]. 
 
Figure 2.36: Typical daily power production comparison between fixed installation and two-single-axis 
tracker [149]. 
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The tracking mechanism can be split into two types based on the concentration ratio: 
single-axis tracking ( 𝐶𝑔𝑒𝑜 > 10x < 100x ) and dual-axis tracking ( 𝐶𝑔𝑒𝑜 > 100x ).  
Figure 2.37 illustrates the two-tracker types and the orientation directions for both 
types. Single-axis tracking is normally used for line focus concentrators, such as a linear 
Fresnel reflector [150] and a parabolic trough solar concentrator [151]. Meanwhile, 
dual-axis tracking is used for point focus concentrators, such as solar dish concentrator 
[152] and heliostat concentrator [153]. Alireza et al. [154] gave further details for the 
different types of sun trackers in terms of solar system output. 
 
 
Figure 2.37: Tracker types and orientation direction [155]. 
 
The tracking angle mainly depends on the concentrator’s latitude and the climate. 
Although the tracking system is not necessary for (𝐶𝑔𝑒𝑜< 10x), a simple tracking system 
can enhance the daily energy production of the LCPV system, with less accuracy 
tolerance. Generally, the tracking system is designed for power plant applications; 
however, some low-profile rooftop CPV panels are available; (as described in the next 
section). 
 
2.10 CPVs for Rooftop Application 
CPVs for a low concentration system can be installed on rooftops as a fixed system [148] 
or as a tracking system [156]. Normally, a high concentration architecture creates 
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challenges for CPV installations [157], which can differ from city to city because of the 
wide variety of architectural designs. For example, terraced houses in the UK do not have 
much roof space, as shown in Figure 2.38 (a), whereas the houses in Oman have a large 
and open flat space on the roof, as shown in Figure 2.38 (b), where a PV/CPV system with 
simple tracking can easily be installed. 
 
 
Figure 2.38: Rooftop architecture for: (a) the UK, and (b) Oman. 
 
2.11 Summary  
This chapter has reviewed the literature of the topics that are covered within this PhD 
project. It began with an introduction to the history of the PV cell, the principle of the PV 
cell operation, cell types and different types of solar concentrator used to harvest solar 
energy. It then focused on solar PV collectors, with a special interest in LCPV 
concentrators—specifically under the 3D CPC category.  
 
The CPC concentrator has been studied by many authors and it has been found to be the 
best static concentrator to be used for a low concentration system that offers a wide 
acceptance angle. It also has better advantages than the V-trough concentrator, which is 
not suitable for a concentration ratio more than 3x. The optical efficiency of any 
concentrator can play a major role and has a direct link to determine the performance of 
the CPV system. As a result of the literature review, the reflective CCPC is shown to have 
a maximum optical efficiency of 80%. Therefore, it is beneficial to design a properly 
crossed compound parabolic concentrator with a high specular reflector to increase the 
optical efficiency, which will increase the power output.  
 
The non-uniformity distribution at the receiver end (PV cell) of CCPC concentrator has 
been found to be an inherent problem, which requires further investigation to improve 
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the uniformity and find an optimum CCPC design to reduce the non-uniformity to 
improve the performance of the CCPC system. A spectroradiometer will be used in the 
uniformity test to validate the ray-tracing simulation as a new approach. 
 
Apart from the crossed CPC, no experimental study has examined a revolved CPC with 
circular entry aperture and square exit aperture. Consequently, this design will be 
explored, and will be fabricated to evaluate the design experimentally and compare it 
with the CCPC design in terms of power output and optical efficiency. 
 
A comparative study of different geometrical CCPCs at different angular responses will 
be conducted in this thesis to give a comprehensive picture of the CCPC affects at 
different geometry heights. 
 
Although the tracking system has been covered in the literature, a basic tracking system 
with less and optimised tracking movements for different CCPCs needs to be calculated 
and will contribute more knowledge about this kind of concentrator. It is beneficial to 
conduct a specific study by using the designed concentrators to provide a forecast of 
energy production at a specific region (i.e. Oman) and to calculate the real solar radiation 
to be received at a specific date and compare it with simulation fixed radiation of 1000 
W/m2. 
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Chapter Three: Experimental Techniques 
 
3.1 Introduction 
This chapter describes the key facilities and experimental techniques that have been 
employed in this research to develop a low concentrating photovoltaic system. A brief 
description of the purpose and function of each equipment used in this work is also 
provided. The I-V curves were obtained for two types of solar cells (silicon and GaAs cell) 
to ensure that the measurement system employed can produce accurate and repeatable 
result. The temperature coefficient of the silicon cell is determined and compared with 
the published data. A unique rotary stage is designed and constructed to test the angular 
response of the CPV system. The fabrication of low-concentration photovoltaics (LCPVs) 
using 3D printing is developed. Moreover, a spectroradiometer is used in this work to 
study the optical uniformity of the fabricated concentrators. TracePro software is used 
to visualise and analyse optical performance of the designed concentrators before 
fabrication. Finally, the soldering methods for mounting the solar cell on to a Direct 
Copper Bonded (DCB) ceramic base are discussed in detail. 
 
3.2 Characterisation System  
The solar characterisation system was established previously. In this work, it is 
employed to determine the performance of the solar cell and the characteristics of the 
solar concentrators. Figure 3.1 shows a photograph of the system with the main 
components labelled, which include a solar simulator as the light source, an Autolab to 
obtain the I-V curve, a thermocouple and Picologger for temperature measurement, and 
a pyranometer or solar survey to monitor the light intensity. 
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Figure 3.1: A photograph of the solar cell characterisation system employed for this study.  
 
A solar simulator is used to provide illumination for testing, which has a similar spectrum 
to that of the sun. The solar simulator is an LCS-100 Class ABB system, which was 
purchased from Oriel Instruments Newport Corporation [158]. The quality and 
performance of the solar simulator is classified based on the ASTM, IEC and JIS standards. 
Table 3.1 lists the key specification of the three classes in terms of the spectral match, 
non-uniformity and temporal instability.   
 
Table 3.1: Classification of small area simulator performance [159]. 
Class A                                     B                                  C 
Spectral match 
 
0.75 – 1.25             0.6 – 1.4             0.4 – 2.0 
 
Non-uniformity 
 
≤±2%                       ≤±5%                   ≤±10% 
  
Temporal instability ≤±2%                       ≤±5%                   ≤±10%  
 
The solar simulator has an input power of 240 VAC, 50/60 Hz, and 130 W. The area of 
illumination is approximately 40 mm x 40 mm, it has a Xenon lamp (Xe) of 100 W and 
lifetime of 1000hrs. The device has a variable attenuator to allow a full or partial solar 
irradiance. The filter used in the device is a standard filter AM1.5G filter that reaches 1 
sun (1000 W/m2) for the working distance of 8.0inch (20.3) cm. This distance may vary 
depending on the age of the lamp. If aging occurs, then the illumination intensity can be 
maintained by reducing the distance of the simulator to the sample.  
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The solar simulator is kept inside a Faraday cage to shield it from the influence of 
external light and external electromagnetic fields if it is available nearby. Prior to 
carrying out any experiments, the simulator bulb needs to be warmed-up for 
approximately 20-30 minutes to avoid spectral or temporal anomalies. Moreover, the 
device has a beam divergence half-angle of < 6°. 
 
The Autolab is a versatile measurement system that can be used to determine I-V curves, 
impedance spectroscopy and electrochemical characteristics, etc. The Metrohm Autolab 
(PGSTAT302N) that was used in this study is shown in Figure 3.1, and is available at the 
Cardiff Solar Laboratory [160]. The Autolab is connected to a PC for control and data 
acquisition using NOVA software. Table 3.2 lists some of the Autolab’s specifications.   
 
Table 3.2: Metrohm Autolab specification. 
Specifications 
Potential range ± 10V 
Compliance voltage ± 30V 
Current ranges  1 A to 10 nA 
Input impedance >1 TOhm 
Computer interface USB 
Control software NOVA 
 
Two devices are available to measure the light energy flux produced by the solar 
simulator: the solar survey and the pyranometer, as shown in Figure 3.1. The solar 
survey, which is also called the reference silicon cell, is simple to use and quick to display. 
The solar survey used in this work, was manufactured by SEAWARD [161] and has a 
measurement range from 100 W/m2 to 1250 W/m2, with a resolution of 1 W/m2. The 
temperature range can vary from -30°C to +125°C. The device has a built-in compass and 
inclinometer to measure the roof orientation and pitch. The solar survey is a portable 
device powered by a lithium battery and no external power is required. After turning on 
the solar simulator, the solar survey was placed under light illumination and the 
intensity was immediately displayed on the screen in units of W/m2. The distance 
between the light source and the solar survey was determined using a ruler, for a given 
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light intensity (usually 1 sun = 1000 W/m2). During the experiments, the solar survey is 
replaced by a solar cell at the same height. 
 
The second device that can be used to measure solar irradiance is the pyranometer. 
Although the pyranometer is usually used for outdoor testing, it can also be used for 
indoor testing. The pyranometer used in this work is manufactured by Kipp & Zonen 
[162]. It is designed to cover a spectrum range from 285 nm to 2800 nm, which is much 
wider than the solar survey. To ensure the correct operation of the pyranometer before 
using it, a sensitivity test was done by checking the output of the pyranometer using a 
multimeter. The sensitivity of the CMP11 pyranometer is 7 µV/ Wm-2. When the solar 
irradiance is 1000 W/m2, the pyranometer’s output is 7 mV, which can be measured 
using a multimeter.  
 
The Picologger is a data acquisition device, which can record, view and analyse the data 
of temperature measurement from thermocouples. The specific model used in this work 
is TC-08 purchased from Pico Technology [163], and it provides real-time data collection 
and display. In this work, this device was used to visualise and display temperature 
readings for the solar cell by logging thermocouples in one of the provided channels, as 
shown in Figure 3.1. The device can support all popular thermocouples types and has a 
fast sampling rate of up to 10 measurements per second. Table 3.3 provides the 
specifications of the device. 
 
Table 3.3: Specification of data logger. 
Specifications 
Number of channels 8 
Temperature accuracy Sum of ±0.2% of reading and ±0.5 °C 
Voltage accuracy  Sum of ±0.2% of reading and ±10 µV 
Thermocouple types supported B, E, J, K, N, R, S, T 
Measurement range –270 °C to +1820 °C 
Power requirements USB port 
 
A thermocouple is a sensor that is used to measure and monitor temperature. In this 
work, K-type thermocouples supplied from RS Components, (UK 363-0250) are used. 
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Matthew [164] have carried out a comprehensive survey of measurement uncertainties 
of the equipment used in Figure 3.1, which was used to evaluate the error contribution 
of each device. Table 3.4 illustrates the modified version of the uncertainties of the 
corresponding equipment.  
 
Table 3.4: Measurement uncertainties for the experiment devices used in the lab, modified from [164]. 
Equipment Range of reading Uncertainty Other 
 
Autolab I: ± 2A Accuracy: ±0.2% Potential 
resolution: 0.3µV V: ± 10V 
Pyranometer (Kipp 
& Zonen CMP11) 
285-2800 nm Temp. Change: <1% Range: -40 >80°C 
Time Change: <5s 4000W/m2 max 
Silicon reference 
cell (Seaward Solar 
Survey 100) 
 
100-1250 W/m2 
 
±5% digits 
1 °C ± 0.5°C 
(resolution 
angles) 
 
 
Pico Logger (TC-08) 
 
 
–270 °C to +1820 °C 
Temperature: Sum of 
±0.2% of reading and 
±0.5 °C 
 
 
 
 
Resolution: 20bits 
Voltage: Sum of 
±0.2% of reading and 
±10µV 
Thermocouples 
(Type K) 
-75 °C – 250 °C  ± 1.1 °C or 0.4% Resolution: 
-250 °C to +1370 
°C range 
 
3.2.1 Determination of Light Intensity 
Solar irradiance needs to be measured to ensure that the collected irradiance on the 
testing cell is set at a given level, usually at the Standard Test Condition (STC): irradiation 
1000 W/m2, air mass 1.5 G and a cell temperature of 25 °C. A Solar Survey is mostly used 
to measure the intensity of light source throughout the project. Throughout the project 
all the testing will be under STC. 
 
3.2.2 Solar Simulator Light Distribution Evaluation 
Before performing any test using the solar simulator, the light uniformity has to be 
evaluated to ensure that the simulator is sufficiently uniform in accordance with the 
standard (see Table 3.1).  
Mazin AL-Shidhani   CHAPTER THREE 
 
50 
 
The test was taken by using Solar Survey that has a rectangular silicon cell with a length 
of 20 mm and a width of 5 mm. The solar illumination area was segmented into nine 
areas with a width size of 13.3 mm for each area as shown in Figure 3.2. After reading 
the intensity of 1000 W/m2 (one sun) by placing the Solar Survey in the middle (Area 5), 
the intensity reading was taken at each of the other eight areas. During each testing, the 
centre of the solar survey was made to coincide with the centre of each area. 
 
 
Figure 3.2: The solar simulator and the position. 
 
To ensure that the Solar Survey is placed accurately in each area, a transparent sheet, on 
which nine areas were divided within 40 mm x 40 mm illumination area, was used and 
placed above the solar survey. During the tests, the solar survey was moved underneath 
the transparent sheet across the nine positions and the intensity at each position is 
recorded. The transparent sheet was removed after being used to indicate the area 
location and the intensity reading was taken. The test was repeated three times and the 
average result of the three tests for each position are shown in Figure 3.3. 
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Figure 3.3: Light distribution at nine different positions at one sun illumination within an area of  
(40 mm x 40 mm). 
 
According to the ASTM standard, the spatial non-uniformity of the Class B solar simulator 
should be within 5%. Using the spatial non-uniformity of the irradiance equation below 
[165]: 
𝑁𝑜𝑛 − 𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 (%) =  
𝑚𝑎𝑥 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒−𝑚𝑖𝑛 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒
𝑚𝑎𝑥 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒+𝑚𝑖𝑛 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒
  x 100%            (3.1) 
The non-uniformity calculated by using the results from this test was 4.95%, which 
indicates that this light source is just within the upper bound of the Class B simulator.  
 
3.2.3 I-V Curve for the PV Cell 
The I-V and P-V curves of solar cells are obtained using the Autolab instrument. The solar 
cell terminals are connected to the probes that is connected to the potentiostat of the 
Autolab. The solar simulator is switched on and the solar cell’s voltage is displayed on 
the Autolab. The I-V scan procedure is imported to the NOVA software in order to obtain 
the I-V curves. The displayed voltage of the solar cell is inserted as an initial potential 
voltage and the I-V curve is obtained. Two types of solar cells have been tested to 
determine the performance of the devices, which are a monocrystalline silicon cell based 
on Laser Grooved Buried Contact (LGBC) and a GaAs cell. The I-V and P-V curves for the 
two solar cells are shown in Figure 3.4. It is obvious from Figure 3.4 (b) that the GaAs cell 
has the highest maximum power of 20.00 mW, when compared to 10.44 mW for silicon 
cell. 
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Figure 3.4: Comparison of Silicon and GaAs cell: (a) I-V curve and (b) power- voltage curve. 
 
Another test was carried out to demonstrate the influence of the irradiance intensity 
level on the silicon cell parameters. Under the STC conditions, the I-V and P-V curves 
were plotted for the silicon solar cell with light intensity varies from 400 W/m2 to 1000 
W/m2 as shown in Figure 3.5. 
 
Figure 3.5: Testing solar cell at different light intensities: (a) I-V curve and (b) power-voltage curve. 
 
It has been observed that the short-circuit current (𝐼𝑠𝑐) increases significantly with the 
increasing light intensity and a slight increase in the solar cell voltage. Figure 3.6 shows 
this positive linear trend for (a) short-circuit current, (b) open-circuit voltage and (c) 
power conversion efficiency as a function of light intensity. The increase in the power 
conversion efficiency offers another advantage for using concentration (in addition to 
reducing the cost). 
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Figure 3.6: Solar cell parameters at various light intensities: (a) 𝐼𝑠𝑐 , (b) 𝑉𝑂𝐶  and (c) power cell efficiency. 
 
Table 3.5 shows the experimental results of solar cell performance parameters obtained 
from two types of solar cells. The datasheet for the monocrystalline silicon cell was 
obtained under concentrated light (not under 1 sun) according to the manufacturer, 
whereas the data obtained from this study was taken under 1 sun, which are different 
from the datasheet. To check and ensure the measurement accuracy of our system, the 
solar cells are sent to the Centre for Renewable Energy Systems Technology (CREST) at 
Loughborough University to provide standard references. It can be seen from Table 3.5 
that the Isc and the VOC of a silicon cell measured at Cardiff are 0.0269 A and 0.585 V, 
respectively, which are in good agreement with the results of 0.0262 A and 0.569 V 
provided by CREST  (Appendix A1).  In the case of the GaAs, the Isc and VOC obtained at 
Cardiff are 0.0263 A and 0.999 V, which shows a good agreement with the results (0.0279 
A and 1.0 V) in the datasheet (Appendix A2). In addition, the measured efficiency of the 
silicon cell is 10.44%, which compares well with the CREST results of 10.30% (Appendix 
A1). In the case of GaAs, the measured efficiency is 20%, which can be compared to the 
datasheet measurement of 23.4%. The difference from the measured and the datasheet 
results could be a result of many factors, including but not limited to the soldering 
resistance, the exact distance of 1 sun, the instrument uncertainties, the cooling system 
used to cool the cell and the time period of the I-V curve measurement taken. 
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Table 3.5: Electrical characteristics of silicon and GaAs cells. 
Solar Cell Type 
 
Isc 
(A) 
VOC  
(V) 
Fill Factor (FF) 
(%) 
ŋ (Cell Efficiency) 
(%) 
Power 
(mW) 
Silicon PV 0.0269 0.585 66 10.44 10.44 
GaAs 0.0263 0.999 76 20.03 20.03 
 
A repeatability test was conducted on a GaAs solar cell. The cell was tested under 1000 
W/m2 irradiance and 25° C. I-V curves were repeated 25 times and the results were 
recorded (Appendix A3). The GaAs result obtained in the first test is provided in Table 
3.5. The average values of Isc, VOC and cell efficiency were found to be 0.0263 A, 0.999 V 
and 19.77%, respectively, and the standard percentage deviation are 0.03%, 0.01% and 
6.97%. 
 
3.2.4 PV Cell Temperature Test  
The PV cell temperature test is very important to understand the temperature coefficient 
of the solar cell. The information that is gained from this test will be useful when the 
system is placed on the building rooftop and to see if a cooling system is needed to 
maintain the temperature of the solar cell under concentration. Moreover, knowing the 
maximum temperature that the solar cell can reach in a steady-state under the 
illumination of 1000 W/m2 helps to calculate the percentage drop in power. 
The test was carried out by placing the solar cell on a wood board to isolate the cell from 
surrounding material that could cool it down and could affect the test. Under 1 sun 
illumination, the thermocouple was attached to a copper slot adjacent to the solar cell. 
The copper slot is designed and bonded to a Printed Circuit Board (PCB) as the PCB has 
a less thermal conductivity which does not quickly dissipate the heat from the cell to the 
board. Figure 3.7 shows the experimental setup for testing the cell temperature and the 
results obtained over a period after the test started. The maximum temperature reached 
by silicon solar cell under the irradiance of 1000 W/m2 is 63.11 °C, and it reached the 
steady-state value after approximately 1.5 hours from a starting temperature of 25 °C. 
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Figure 3.7: PV cell temperature test: (a) experimental setup of the test and (b) temperature of the silicon. 
 
The solar cell power loss can be calculated as defined by [166] and was found to be a loss 
of 15.24% when the cell reaches a steady-state condition. Meanwhile, a temperature 
coefficient test was carried out to find the rate of change in the silicon solar cell 
parameters (Isc, VOC and 𝑃𝑚𝑎𝑥) with respect to temperature. The test was carried out 
under 1000 W/m2 irradiance and the temperature was monitored using the Pico logger 
device. The I-V curves are measured at different temperatures with steps of 
approximately 5 °C starting from 25 °C to 63 °C.  
Figure 3.8  shows the selected point of this test at a step of 10 °C for clarity. 
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Figure 3.8: Temperature coefficient test for silicon cell: (a) I-V curve and (b) output power versus voltage. 
 
It can be observed from the measured results that an increase in solar cell temperature 
has a significant effect on the open-circuit voltage and the output power as well, whereas 
the current increased slightly. This happens because an increase in the solar cell’s 
temperature will reduce the bandgap of the semiconductor and thereby affect these 
parameters [167]. Table 3.6 shows a comparison for the bare silicon cell between 
temperatures of T=25 °C and at T= 63 °C. 
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Table 3.6: Electrical parameter of silicon cell at two different temperatures. 
Temperature 
Isc  
(A) 
VOC  
(V) 
Imax 
(A) 
Vmax  
(V) 
Pmax 
(mW) 
  FF  
(%) 
η  
(%) 
T= 25°C 0.0273 0.580 0.023 0.459 10.71 67% 10.71 
T= 63°C 0.0279 0.498 0.024 0.387 9.14 66% 9.14 
 
From Table 3.6, it can be seen that all of the electrical parameters of the cell drop except 
the short-circuit current increased slightly. The values of VOC and Vmax for the silicon 
solar cell decrease from 580 mV and 459 mV at 25 °C to 498 mV and 387 mV at 63.11 °C 
(approximately 14.13% and 15.68% for VOC and Vmax, respectively). The experimental 
temperature coefficient can be validated by comparing the results with the provided 
silicon datasheet (see Appendix A4). Figure 3.9 presents the analysed data obtained from 
Figure 3.8 for the experimental measurements of (a) Isc, (b) VOC and (c) 𝑃𝑚𝑎𝑥 with 
respect to various temperature and the least square fit curve is obtained as per IEC 
61215 standard clause 10.4 [168].   
 
 
Figure 3.9: Silicon cell as a function of temperature: (a) 𝐼𝑠𝑐 , (b) 𝑉𝑂𝐶  and (c) 𝑃𝑚𝑎𝑥 . 
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The temperature coefficient of the short-circuit current can be determined using the 
following equation [169]: 
 α =
1
𝐼𝑠𝑐𝑟𝑒𝑓
 x 
𝐼𝑠𝑐− 𝐼𝑠𝑐𝑟𝑒𝑓
𝑇−𝑇𝑟𝑒𝑓
                                  (3.2) 
where, 𝐼𝑠𝑐𝑟𝑒𝑓 is the short-circuit current generated at the reference temperature. 𝑇𝑟𝑒𝑓 is 
the reference temperature of the solar cell, which is 25 °C in this study. The temperature 
coefficient of the short-circuit current for monocrystalline silicon (α) is found to be 
+0.00057 /°C. 
 
Similarly, the temperature coefficient of the open-circuit voltage can be determined 
using the following equation [169]:  
β =
1
𝑉𝑜𝑐𝑟𝑒𝑓
 x 
𝑉𝑜𝑐− 𝑉𝑜𝑐𝑟𝑒𝑓
𝑇−𝑇𝑟𝑒𝑓
                                   (3.3) 
where, 𝑉𝑜𝑐𝑟𝑒𝑓 is the open-circuit voltage generated at the reference temperature. 
By using the data provided in Figure 3.9 (b), the temperature coefficient of the open-
circuit voltage (β) is found to be -0.0037 /°C. 
 
The temperature coefficient of the maximum power can be calculated using the following 
equation [170]: 
 ɛ =  
1
𝑃𝑚𝑎𝑥
x  
𝛥𝑃𝑚𝑎𝑥
𝛥𝑇
                                             (3.4) 
where, 𝑃𝑚𝑎𝑥 is the maximum power generated by the solar cell. 𝑃𝑚𝑎𝑥 is 10.71 mW at 25 
°C and the 𝛥𝑃𝑚𝑎𝑥 was 1.57 mW. The temperature coefficient of the power coefficient is -
0.38%/°C. The experimental temperature coefficients show a reasonable agreement 
with the published data for the silicon cell (α =+0.00045/°C, β=-0.0020/°C and ɛ =-0.40 
% /°C for short-circuit current, open-circuit voltage and power, respectively, Appendix 
A4). This test provides important reference data for the design and understanding of the 
performance of the concentrator system, which will be described in the following 
chapters.  
 
3.2.5 Solar Concentrator Uniformity Test  
The uniformity of light distribution across the PV cell is crucial in the optical design of 
solar concentrators. In particular, non-uniformity leads to a reduction of the solar cell’s 
efficiency due to an increase in the series resistance of the solar cell [171]. This work 
uses a spectroradiometer to characterise the non-uniformity of the fabricated 
concentrators. 
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In general, a spectroradiometer is used to measure the intensity of electromagnetic 
radiation over a wide range of wavelengths, including ultraviolet, visible and infrared 
spectrum. The spectroradiometer used in this work is supplied by Stellar Net [172]. The 
spectroradiometer comes with two separate instruments: a blue device for ultraviolet 
and visible light (UV-VIS), and a red device for infrared radiation light (IR). Both devices 
can be integrated and used as one unit, as shown in Figure 3.10 and 3.11. This type of 
spectroradiometer has been selected because it has the advantage of combining a wide 
range of electromagnetic spectra and creating a unified spectral graph. However, 
correctly displaying a single spectral graph over 200 nm to 1700 nm using both 
instruments requires a complex calibration procedure. Al-Najideen [173] has carried out 
intensive work on the appropriate setup and calibration of these instruments, which will 
help to ensure the proper function of the device for use in this work. The key 
specifications of the spectroradiometer are shown in Table 3.7. 
 
 
Figure 3.10: A photograph of the blue (UV-VIS) and red (IR) instruments for measuring sunlight spectrum 
over a range of 200 nm to 1700 nm. 
 
Table 3.7: Spectroradiometer specification. 
Specifications 
Blue box range 200 to 1500 nm 
Red box range 900 to 1700 nm 
Detector integration 1ms to 65s 
Power consumption <100 mA via USB port 
Fibre optic input SMA905 0.22na single fibre 
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A schematic diagram showing the layout arrangement for the dual spectroradiometer 
device is given in Figure 3.11. The two devices are connected by a Y-shape fibre optic. 
The red device (NIR) requires a 5 Volts power supply because it coupled with a fan for 
cooling purposes. While the blue (UV-VIS) can be powered directly from the PC.  
 
 
Figure 3.11: Schematic diagram of the spectroradiometer layout [173]. 
 
The solar simulator provides the source of light which is detected by CR2-AP detector to 
allow reading intensity measurements to be made of sources that are 10 times brighter. 
The CR2-AP is connected to both devices by a Y-shape optical fibre. The two instruments 
are connected to a PC via USB cable to provide a reading through the spectroradiometer 
software, which can provide a single spectral graph over a wavelength range of 200 nm 
to 1700 nm.  
The setup described above is used to study the non-uniformity of light distribution at the 
exit area of the concentrators. During experiments, a thin copper sheet is placed at the 
exit area of the concentrators, which has a fixed size of 10 mm x 10 mm. This area is 
divided equally into nine sections, and each of these divisions has a 3 mm hole in the 
centre to allow the light to pass through to the detector. The experimental procedure and 
results of this experiment are presented in Chapter Five of this thesis. 
 
3.3 Design and Construction of an Angular Response Testing 
Setup 
The study of the angular response of the concentrators is an important aspect because it 
can determine the need for a tracking system. The concentrators with a wider angular 
response allow for cost reduction through using a simple tracker with less precision 
[174]. To investigate the angular response, it is necessary to design and construct a 
rotary stage to facilitate the change of the angle of the concentrator in respect to the 
incident light. The rotary stage should be able to hold the concentrator and the solar cell 
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and to rotate in a range from +90° to -90°. As discussed in Section 3.2.4 there is a need to 
maintaining the solar cell’s temperature at STC because an increase in the solar cell’s 
temperature leads to a reduction in the efficiency and power output of the solar cell. This 
led to the idea of a dual-function sample stage for cooling and rotation. 
 
3.3.1 Rotary Stage 
The rotating block is made of the aluminium (4.6 cm x 3.2 cm x 2.0 cm) with a heat 
exchanger for cooling incorporated in the design. The water channels are formed inside 
the rotating block through drilling as shown in Figure 3.12 (a) and (b). A photograph of 
the fabricated rotating stage is shown in Figure 3.12 (c) which can rotate ±90° in a step 
of 5° with a pointer indicator. The two holes that appear on the side of the rotating block 
as shown in the Computer Aided Drawing (CAD) in Figure 3.12 (a), were a result of 
drilling through the block to form a square path for the water circulation. Both holes 
were sealed after the channels were formed. The rotary stage consists of two parts: the 
rotating block/heat exchanger and an aluminium stand, which holds the rotating block 
and allows it to rotate. The aluminium stand has thin line grooves made at every 5°, with 
the corresponding angles marked in the unit of degree, as shown in Figure 3.12 (c). 
 
 
Figure 3.12: Rotary stage design: (a) CAD drawing (isometric view), (b) section view of water flow 
circulation and (c) a photograph of the fabricated dual-function rotary stage. 
 
The top side of the rotary stage is designed to match the DCB board layout, which will be 
discussed in more detail in Section 3.6. The top side includes six holes: four holes with a 
diameter of 2 mm are used to secure the DCB board to the rotary stage, and the other 
two in the middle with a diameter of 4 mm are made to secure the concentrator on to the 
DCB board and rotary stage.  
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3.3.2 Experimental Setup  
Once the illumination intensity is determined, the rotary stage is placed under one sun 
distance and the water pipes are connected before switching on the solar simulator. The 
inlet pipe is connected to a cold tap water next to the Faraday cage. Whereas the outlet 
pipe that drains the hot water is placed in the sink. Figure 3.13 shows a schematic 
diagram of the system (a) and a photograph of the rotary stage under solar illumination 
(b). 
 
 
Figure 3.13: (a) Schematic diagram of the rotary stage components and (b) a photograph of a rotary stage 
under solar illumination. 
 
3.3.3 Results 
The angular response of a bare solar cell (i.e., without concentrator) was measured using 
this setup by moving the pointer at steps of 5 degrees, on both sides and recording the 
corresponding I-V curves. Figure 3.14 shows the short-circuit current and maximum 
power as a function of incline angles. The results show an identical representation of the 
data on both sides. These results demonstrate the functionality of the rotary stage 
required by the design. 
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Figure 3.14: Angular response of 𝐼𝑠𝑐 and 𝑃𝑚𝑎𝑥  for the bare silicon solar cell.  
 
The simulator’s shutter was closed after each measurement and the data was exported 
to an Excel file for processing. Two thermocouples were used, the first was used to 
measure the heat exchanger temperature (water in) and the second was used to measure 
the solar cell temperature to ensure that the I-V curve is taken at STC. The 
thermocouple’s tip is placed on the copper underneath the cell. It is obvious from Figure 
3.14 that the short-circuit current (𝐼𝑠𝑐) and the maximum power output (𝑃𝑚𝑎𝑥) reach 
their maximum values at normal incidence, and these values decrease with an increase 
in the angle of incidence (AOI). 
 
3.4 TracePro Simulation 
Simulation is an essential part of this work because it provides useful insights into the 
modelling and design of the concentrators prior to their fabrication, which will save time 
and money. The optical performance of the concentrators is evaluated by using the ray-
tracing technique. Many software packages are available for ray-tracing simulation. In 
this work, TracePro software has been selected because it is easy-to-use, powerful, fast 
and accurate. It has also been used widely by many authors in ray tracing of optical 
concentrators [118, 175, 176].  
 
The ray-tracing simulation shows the optical behaviour of a concentrator by visually 
showing the detailed ray paths after they hit the inner surface of the optical system, 
where some of the reflected or refracted rays cannot be detected experimentally. The 
TracePro® software provided by LAMBDA research corporation [177] was employed to 
carry out the optical analysis in this project, which is based on a Monte Carlo ray-tracing 
simulation.  
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3.5 Development of Solar Concentrator Fabrication Procedures 
One of the initial and essential objectives of this project is to fabricate a range of high-
quality solar concentrators based on a specific design. Therefore, the design and the 
machine used to manufacture the concentrators should be selected carefully in terms of 
quality and cost-effectiveness. Once the concentrator is designed and created using 
SolidWorks software, the CAD file is saved and exported in a format that can be opened 
by the machine that fabricates the concentrator with a geometry according to the design. 
This section will discuss the two different types of LCPV concentrators produced by two 
different machines that are used in this project. 
 
3.5.1 Acrylic Concentrator by 3D Printing 
The 3D printing technique can deliver a design quickly, and with high quality and 
accuracy. This technique helps to reduce costs in terms of machine, labour and material 
cost. The first and main concentrator in this project is made from acrylic plastic, which 
is fabricated in-house by Form +1 3D printers supplied by Formlabs [178]. This 
technique is based on Stereolithographic (SLA) 3D technology, which uses a laser to cure 
the liquid instead of hard plastic wire. The material that has been used in this printer is 
a proprietary photopolymer clear/black/grey resin. A photograph of the 3D printer 
device is shown in Figure 3.15. The specifications of the Form +1 3D printer are provided 
in Table 3.8. 
 
 
Figure 3.15: Form +1 3D Printer. 
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Table 3.8: Specification of Form +1 3D printer. 
Specifications 
Layer thickness 25,50 or 100 microns 
Min feature size 300 microns 
Building size 12.5cm x 12.5cm x 16.5cm 
Resin material Liquid resin 
Resolution As low as 25 microns 
Technology type Stereo-lithography (SLA) technology 
 
The process of printing combines software and hardware setups which are discussed in 
detail in the following section. 
 
3.5.1.1 Software Setup 
The designed file should be saved in one of the three formats: .obj, .sat or .stl. The file is 
then opened and imported by the dedicated Formlabs software, called “PreForm”, which 
is available for download online. Once the file is imported, the selection of 3D printer 
type, resin type, and printing resolution is entered and now the visualisation of the file 
appears in the software design platform, as shown in Figure 3.16. 
 
 
Figure 3.16: PreForm software characterisation. 
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The sample cannot be printed unless supports are applied to the imported design. The 
support consists of three components: rafts, scaffolding and touchpoints. The raft is the 
bottom part of the support (base), which is used to adhere the object to the build 
platform. The scaffolding is used to secure the printed design and the touchpoints are 
the contact part of the support component and the design. The size of the support can be 
adjusted and selected from the scale bar drop list under the supports button. After 
ensuring that all of the parameters are entered, the final step in the software setup is to 
press the orange button to start the printing process.  
 
3.5.1.2 Hardware Setup 
A hardware setup is also necessary in the process because it helps to correctly print the 
concentrator according to the design. The printer needs to be connected to the PC by a 
USB cable, while the PC should have PreForm software installed. The power cable should 
be attached to the power brick and plugged to the Form +1 power socket. The 3D printer 
works in such a way that a photosensitive liquid is filled in the resin tank and is exposed 
to an ultraviolet (UV) laser, which cures the resin filled in the tank at each layer. Due to 
light exposure, this causes a layer of resin to solidify. The resin should not exceed the 
upper line indicator as shown in Figure 3.17. The laser has the advantage of getting much 
finer details and produces a much higher quality object when compared to other 3D 
printer techniques. It is crucial to ensure that the build platform is inserted appropriately 
and secured by the handle, the resin tank should roll inside firmly, and we should ensure 
that exact type of filled resin is selected in the software.  
 
 
Figure 3.17: A photograph of the resin tank and build platform of a Form +1 3D printer. 
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The printer’s cover must be closed before printing, otherwise, the printer will not start. 
After sending the command from the PreForm software, the power button on the device 
should be pressed to allow the printer to start the job. 
 
3.5.1.3 Post-printing Treatment  
After printing, the cover is opened and the build platform is pulled out. The device comes 
with a Form Finish Kit that contains the tools needed for the printing process. When the 
printing process is completed, a scraper is used to remove the sample gently. The two 
rinse tubes are half-filled with Isopropyl Alcohol (IPA). Treatment of the printed 
concentrator is carried out immediately after the printing process by immersing and 
shaking the concentrator in an IPA bath for 2 minutes, and then soaking it for 10 minutes 
in another bath to remove any contamination from the printing process. The printed 
concentrator is left to dry for about 1 hour before it is ready for the next stage. Figure 
3.18 shows a photograph of a printed concentrator with supports while drying in air. 
 
 
Figure 3.18: 3D printed CCPC with supports using Form +1. 
 
3.5.1.4 Additional Adjustments  
Even though the printer can produce a high-quality finish that has accurate geometry, 
some issues can occur during the print process that require additional adjustments. To 
guarantee a successful outcome, as specified by the design, the results need to be 
monitored and adjustments need to be made. The size of the concentrator after printing 
is not the same as the design because of some unknown factors during the printing 
process. It was found after several prints that the scale of the design needs to change 
from the default value 1.000 to 1.125 to ensure the exact size of the original file. Another 
issue is that sometimes the printer does not print the complete design, it often only prints 
the base of the supports on to the build platform. In this case, fine tuning is required to 
lower the build platform height, which can be done via the software. The scraper marks 
on the build platform could also affect the adherence of the printed parts and therefore 
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carefully removing the parts without making marks on the base is advised. Furthermore, 
foggy marks were also observed on the bottom of the resin tank. It was found that 
repeating the print in the same position can result in an unsuccessful print, which is often 
caused this foggy distribution at that exact position. To avoid this problem, regular 
cleaning and changing the position is required for each print. Finally, the 3D printer that 
was used offers good quality output for the designed parts and is considered the best for 
adding reflectors to its inner parts, but it was found that tiny bubbles appeared in the 
inner surface, which prevents a good finish. To ensure a smoother surface, another type 
of machine was explored, as discussed in the next section. 
 
3.5.2 Aluminium Concentrator by CNC Machining 
Another way to fabricate the concentrator is to use a Computer Numerical Control (CNC) 
machine. The vertical centre smart 430a [179] is a popular CNC machine that is available 
at Cardiff University’s workshop and was used in this study to make a circular aluminium 
concentrator. The CAD file is inserted into the machine control system and the cutting 
process is carried out automatically. A photograph of the machine is shown in Figure 
3.19. 
 
 
Figure 3.19: A photograph of a CNC machine. 
 
A very high rigidity spindle is used for cutting with a maximum speed of 12000 rpm and 
motor output of 19kW/25.0hp. A block of aluminium is placed at the centre and the 
spindle moves down to cut and shape the aluminium block as per the required design. 
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The analysis of the cutting process and the remaining time are displayed on the control 
panel. Figure 3.20 shows the concentrator made by the CNC machine before adding the 
reflective coating. Clearly, the disadvantage of the method is incapable of making square 
entry concentrator as shown in Figure 3.18. A comparison between the two methods of 
manufacturing the CPC is made and the results are discussed in Chapter Four. 
 
 
Figure 3.20: CPC design manufactured by a CNC machine. 
 
3.6 Solar Cell Soldering Process 
Monocrystalline silicon and GaAs cells were purchased in a wafer form without the 
output terminals, ready for direct connection to the testing instrument. Soldering of the 
solar cells is an important process that needs to be done carefully because it can affect 
their performance. Poor quality soldering can reduce solar cell efficiency because of bad 
wire joints, which result in high series resistance. The soldering and wire tabbing process 
was carried out in the laboratory. The first trial was to solder the tabbing wires directly 
on the both sides of the solar cell. Three silicon cells: silicon-1, silicon-2 and silicon-3, 
were tested under 1000 W/m2 irradiance to obtain the I-V curves (see Appendix A5). 
The test was repeated three times for each cell and the average efficiencies achieved 
were 7.77%, 9.28% and 4.73%, which are significantly lower than the nominal efficiency 
of the solar cells. Therefore, this method produced unstable and inconsistent results due 
to the poor soldering on the back area. In addition, the soldering on the backside was not 
completely secure and was only in contact with a very small cell area. Moreover, the cells 
are fragile and can break easily using this method of soldering.  
 
The problem of soldering quality can be minimised by using a DCB ceramic plate, 
together with the use of the hotplate for soldering at controlled temperature. This 
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process has proven to effective with repeatable and stable outputs (see Appendix A6). 
Three silicon cells were soldered on DCB and named DCB-1, DCB-2 and DCB-3. The solar 
cell is mounted on a thin copper layer located at the centre of the DCB board as shown in 
Figure 3.23, and heated using a hotplate (300 °C) after adding a little soldering lead to 
ensure a firm attached of the solar cell. Again, the test was repeated three times for the 
three DCB’s and the average silicon cell efficiencies were 11.40%, 11.56% and 12.97%. 
These results show a stable electrical output after using the DCB compared to the first 
method. Moreover, the solar cell was found to be more secure in the middle of the DCB 
and easier to couple with the concentrator. 
 
Several types of solar cells were discussed in the literature review (see Section 2.3) and 
based on the literature monocrystalline silicon solar cell LGBC has been used by many 
authors to investigate LCPV systems. The monocrystalline silicon cells to be used in this 
study were selected and purchased from Solar Capture Technology [82]. The cell size is 
10 mm x 10 mm ±0.5 mm, wafer thickness of 200 µm ± 30 µm and the busbar width of 
1.0 mm. The solar cells come without wire strips and with a single busbar, as shown in 
Figure 3.21.  
 
 
Figure 3.21: (a) Schematic diagram of silicon dimension and (b) a photograph of the actual silicon cell. 
 
The DCB ceramic is used as a base for the silicon cell, which was supplied by Tianjin 
Century Electronics [180]. The DCB board is specially designed to match the 
concentrator base and the top side of the rotary stage to firmly secure the concentrator 
on the rotary stage for angular response testing. Figure 3.22 shows the design 
specifications, while more details are addressed in Appendix A7. 
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Figure 3.22: DCB design: (a) top view of DCB dimensions and (b) side view of the DCB ceramic. 
 
The advantage of using a DCB board over other types is its high thermal conductivity, 
which is around 24 ~ 28 W/m.K at 25°, and the electrical insulation that it provides. This 
is to enhance the cooling of the cell temperature with less water flow. A high-purified 
oxygen-free copper is firmly bonded onto the alumina ceramic substrates. 
 
The process of mounting and soldering the solar cell is shown in Figure 3.23. The 
backside of the cell is directly attached to the copper surface (+Ve) terminal, while the 
busbar is soldered with a tabbing wire to be connected as a bridge with the (-Ve) 
terminal. 
 
Figure 3.23: Drawing showing the solar cell soldering process in the DCB board. 
 
A little soldering lead is applied to the copper surface and melted on the backside of the 
silicon cell and then stacked to the copper by using the hot plate at 300 °C. The soldering 
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of the solar cell was made using lead-free PV ribbons with a width of 0.1 mm. Soldering 
flux is applied to ease the process of the soldering and allow a better connection. It has 
been noticed that the flux pen helped to adhere to the connection. The last part is the 
soldering of the +Ve and –Ve wires to the DCB board copper end. The wired connections 
should be soldered with a minimum amount of solder because it can increase the series 
resistance of the solar cell. 
 
3.7 Summary  
The main techniques and methods required for use in this study were identified and 
experimental work was carried out to confirm the validity of these techniques and 
methods. An existing solar cell testing system was employed to carry out bench-mark 
testing using two types of solar cells (Si and GaAs) in order to demonstrate the suitability 
and capability required by this project. In addition, detailed testing on light uniformity, 
temperature dependence and light intensity were performed to ensure that the 
reliability and accuracy of the system meet the requirement of this project.  
 
A rotary stage was specifically designed and constructed to investigate angular response, 
which also includes a heat exchanger to maintain the solar cell at a constant temperature 
during testing. This added additional capability to the existing solar cell measurement 
system to facilitate the study of angular response under a controlled temperature, which 
is a crucial setup for the experimental investigation that will be described in Chapter 
Five. 
 
Methods and procedures for fabrication of concentrators were explored in an attempt to 
fabricate the high-quality concentrators that are required by this research. It is found 
that the method based on modern 3D printing (e.g., Form +1), together with the use of 
adhesive high reflective material, can conveniently produce high-quality prototype 
concentrators with different concentration ratios at laboratory scale, which is ideally 
suitable for the requirement of this research.  
 
The method of attaching the solar cell to the DCB board is crucial because it can minimise 
the power loss caused by poor electrical connection and ensure good thermal contact to 
maintain temperature stability during the measurement. An effective procedure for 
securely mounting the solar cell onto the DCB board has been implemented and 
satisfactory electrical, thermal and mechanical properties required for successful 
characterisation were demonstrated.  
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Chapter Four: Design, Construction and 
Characterisation of a Cross Compound 
Parabolic Concentrator  
 
4.1 Introduction 
This chapter focuses on the design and development of a cross compound parabolic 
concentrator (CCPC) for possible applications in low-concentration photovoltaic 
systems. In particular, this chapter will describe the design, simulation, fabrication and 
testing of the five concentrators with the concentration ratios of 2.9x, 4.0x, 6.0x, 8.3x and 
9.0x. A range of CCPC concentrators mostly with lower concentration ratios has been 
explored in the literature, and better to have concentrators with higher ratios that are 
not covered in the literature which will be explored in this thesis. A CCPC consists of four 
symmetrical reflectors of the same height and with square entry and exit apertures. In 
addition, a new type of CPC, which has a circular entry aperture and square exit aperture, 
was designed and tested, followed by a comparative study of all fabricated CCPCs in 
terms of power output and optical efficiency. The optical analysis was performed using 
TracePro® software to assist the design of CCPCs and predict the optical performance of 
the fabricated CCPCs, which proved to be an effective tool to achieve the best design, and 
also save time and costs. The concentrators were fabricated using a 3D printing 
technology and tested in an indoor testing setup.  
 
4.2 Design of the CCPC 
To achieve an optimal design of the concentrators, it is important to follow proper design 
techniques and procedures that ensure better results. A flow chart is devised for this 
project and is followed throughout the design and fabrication process until the optimised 
design is achieved, as shown in Figure 4.1.  
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Figure 4.1: Flow chart for the design process of the optical concentrator. 
 
As discussed in the literature [88], a CCPC consists of two symmetrical parabolic curves, 
which are able to reflect all the incident radiation to the absorber within its half 
acceptance angle. The four key variables for CCPC design are: input diameter (d1), output 
diameter (d2), half acceptance angle (ϴc) and the height of concentrator (ℎ). Figure 4.2 
illustrates the four variables in (a) cross-sectional view, and (b) 3D view. 
 
 
Figure 4.2: The compound parabolic concentrator variables in: (a) cross-sectional view and (b) 3D view. 
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The input and output diameters represent the dimensions of the entry and exit apertures 
of the CPC, as shown in Figure 4.2. For a given concentration ratio, there is a 
corresponding height. Despite being considered the most effective option for an ideal 
concentrator [181], a CPC is limited by its acceptance angle. The higher the concentration 
ratio, the narrower of its acceptance angle.  
 
All of the incident rays entering through entry aperture d1 with an inclination smaller 
than the half acceptance angle will be reflected towards the receiver (exit aperture), 
where the absorber/solar cell is placed. However, the incident rays will be reflected back 
outside of the CPC if the incidence angle is more than the half acceptance angle. The 
analytical equations that were used to design the CPC will be discussed briefly in the next 
section, starting with determining the geometrical concentration ratio of the 
concentrator. 
 
4.2.1 Design Variables 
The primary input for designing an optical concentrator is to decide the concentration 
ratio required. Two different definitions of the concentration ratio are widely used, 
which are: the geometrical concentration ratio and the optical concentration ratio [182]. 
The geometrical concentration ratio is the ratio between the entry area and the exit area. 
The optical concentration ratio is defined as the light intensity at the receiver area 
divided by the light intensity at the entry area. 
 
In this study, the receiver size is fixed to 10 mm x 10 mm because of the size of the 
monocrystalline silicon solar cell used, and therefore the geometrical concentration ratio 
will be decided by choosing the entry aperture area of the concentrator. In this work, five 
different concentration ratios of CCPC were chosen, and their optical performances were 
investigated. The selected concentration ratios are 2.9x, 4.0x, 6.0x, 8.3x and 9.0x.  
The geometrical concentration ratio is given by the equation: 
𝐶𝑔𝑒𝑜= 
𝐸𝑛𝑡𝑟𝑦 𝐴𝑟𝑒𝑎
𝐸𝑥𝑖𝑡 𝐴𝑟𝑒𝑎
                                                      (4.1) 
In contrast to geometrical concentration, an effective concentration ratio is a term used 
after testing the concentrator, where this ratio should be less than the geometrical 
concentration ratio. The losses are due to many factors, such as the reflector material 
does not have an ideal surface reflectivity (ρ =1) and the imperfection of the geometry of 
the concentrator. Once the geometrical concentration ratio is selected, the half 
acceptance angle can be calculated. 
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The acceptance angle is another important parameter that needs to be considered. As 
discussed, the proper design of the concentrator will lead to the better performance of 
the system. The acceptance angle is the maximum angle that the incident rays entering 
inside the concentrator are reflected towards the receiver area. Where the incident angle 
of light is larger than the acceptance angle, the light can still enter the concentrator, but 
it will simply bounce back to the outside.  
Figure 4.3 presents correlation between the half acceptance angle and the concentration 
ratios used in this study. It can be seen clearly from Figure 4.3 that the half acceptance 
angle decreases as the concentration ratio increases. A concentrator with lower 
concentration ratio has a larger half acceptance angle than that with a higher 
concentration ratio (e.g., they are 36° and 19.47° for 2.9x and 9.0x concentrators, 
respectively). 
 
Figure 4.3: Calculated half acceptance angle trend for different concentration ratio. 
 
The final procedure is to determine the height of the CCPC, which depends on the input 
area, output area and the half acceptance angle. A larger concentration ratio will result 
in a greater height and smaller angle of the concentrator [64]. 
 
To calculate the height of the CCPC, it is necessary to determine the focal point of the 
parabola, which can be calculated using equation, 
 𝑓 = 𝑎′ (1+ sin𝛳𝑐) (4.2) 
where, 𝑎′ is the absorber width and 𝑓 is the focal point of the parabola curve. The height 
can then be derived by using equation [67], 
                     ℎ =
𝑓 x 𝑐𝑜𝑠 𝛳𝑐
𝑠𝑖𝑛2 𝛳𝑐
   (4.3) 
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Table 4.1 lists the key design parameters for the five CCPCs, which were calculated using 
the procedures described above. 
 
Table 4.1: Five concentrator design parameters. 
CCPC 
parameters 
 
2.9x 
 
4.0x 
 
6.0x 
 
8.3x 
 
9.0x 
 
Exit area 10 mm x 10 mm 
Entry area 
 
17 mm x  
17 mm 
20 mm x  
20 mm 
24.5 mm x 
24.5 mm 
28.4 mm x  
28.4 mm 
30 mm x 
30 mm 
Half 
acceptance 
angle 36.0° 30.0° 24.0° 20.6° 19.5° 
Height 18.70mm 26.00 mm 38.60 mm 51.00 mm 56.00 mm 
 
An Excel worksheet has been created to calculate the geometrical concentration ratio, 
the half acceptance angle and the height of the concentrator for any given entry aperture 
(Appendix B1). 
 
4.2.2 Design Procedure in SolidWorks 
Many tools can be used to draw the CCPC curve. The CCPC curve should be able to reflect 
all incidence light that falls at any point of the curve to the receiver ends. Many CCPC 
curves are available but not necessarily the perfect curve. If a designed curve is not 
correct, then optical losses will occur, and this will result in a poorly designed 
concentrator. The appropriate method employed to design the CCPC is in this study is 
discussed in detail in the following section. 
 
4.2.2.1 Parabola Curve Equation 
SolidWorks software is employed to create drawings for use by the 3D printer, as 
mentioned in Section 3.5. The reason for using the SolidWorks is that it is a popular and 
readily available software in Cardiff University, and it has the option of manually 
inserting a parametric equation of the parabolic curves using Equation Driven Curve 
(EDC) tap. 
Prior to drawing a parabolic curve, the geometrical concentration ratio needs to be 
selected first using equation (2.7) described in Chapter Two. For example, to design a 
4.0x concentrator in SolidWorks, two parameters should be entered to generate the 
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CCPC parabolic curve. The first parameter is the half acceptance angle expressed in 
radians, which is 0.5236 rad in this case. The second parameter is the receiver size in 
mm which is equal to 10 mm. The parabolic equation used in this study was proposed by 
Rincon et al. [183].  
The coordinates x(t) and y(t) for plotting CCPC curves are given by:  
 
 𝑥(𝑡) =
𝑏 (1+sin ϴc) cos 𝑡
1−sin (𝑡− ϴc)
          (4.4) 
 𝑦(𝑡) =
𝑏 (1+sin ϴc) sin 𝑡
1−sin (𝑡− ϴc)
          (4.5) 
where, 𝑏 is the receiver size in mm, ϴc is the half acceptance angle of the concentrator, 
and 𝑡 is a parameter that determines the curvature of the parabolic curve, which is 
related to half acceptance angle by, 
 𝑡 = 
π
2
− 𝛳𝑐          (4.6) 
where, π is equal to 3.1415. In case of 4.0x concentrator, the values inserted in 
SolidWorks for 𝑡1 and 𝑡2 are 0 and π/2 – 0.5236, respectively. After solving the 
parametric equation to plot the 4.0x parabolic curve, the next step is to create a new file 
in SolidWorks. To start the sketch, the front plane is selected as a drawing base plane for 
the design. Next, a drop list under Spline icon is clicked to select the Equation Driven 
Curve that both equation (4.4) and (4.5) are inserted. The parametric option is selected 
in SolidWorks to enter the x and y coordinates to generate a 4.0x CCPC as shown in Figure 
4.4. 
 
 
Figure 4.4: Illustration of 4.0x CPC curve created by using EDC in SolidWorks. 
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Once the equations are inserted in the specific block as shown in Figure 4.4, the software 
creates the CCPC curve. The CCPC curve will be displayed in the sketch section as shown 
in Figure 4.4 for 4.0x CCPC parabola. Then the centreline is used to draw a line between 
the curve focal point and middle of the receiver area, which represents the axis of the 
parabola. The next step is to duplicate this curve about the inserted centreline by using 
mirror feature to have a second curve as shown in Figure 4.5 (a). After having both left 
and right parabolic curves, the dimension of entry and exit area is taken to validate the 
equation 2.7 (Chapter Two) that provides the half acceptance angle of 4.0x CCPC as 
shown in Figure 4.5 (b).   
 
 
Figure 4.5: CCPC curve: (a) axis of parabola and mirror feature to draw the second parabola curve and (b) 
final 2D output of a 4.0x CPC design. 
 
4.2.2.2 CCPC Design 
A new sheet is created to convert the 2D design to obtain a 3D CCPC drawing. This is 
achieved by sweeping the CCPC curve along the four sides of the 2D concentrator, 
forming a three-dimensional shape, as illustrated in Figure 4.6. The design starts by 
creating two sketch planes: the first is for entry aperture with 20 mm x 20 mm (length x 
width) and the second sketch is for the exit aperture (receiver) 10 mm x 10 mm. The 
distance between the two sketches is the height of the parabolic curve, as shown by the 
step (1) of Figure 4.6. Then the parabolic curves created in Section 4.2.2.1 are copied and 
pasted into the newly created right and front plane, as shown by the step (2) of Figure 
4.6. Now the parabolic curve is attached with the entry and exit apertures and the 
process of creating solid geometry remains to build the CCPC geometry. Step (3) in 
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Figure 4.6 represents the solid CCPC geometry after applying Lofted Boss/Base to the 
entry, exit and the four parabolic curves to form 3D CCPC shape. The last step in the 
design process is shown in step (4) of Figure 4.6, where the shell option is applied to the 
geometry to create a cavity and the thickness of the CCPC wall, which is set to 2mm to 
increase the rigidity of the concentrator. This thickness is applied to all of the 
concentrators used in this project. 
 
Figure 4.6: Design process for CCPC geometry. 
 
A concentrator base is required to attach the CCPC securely to the rotary stage for testing. 
The dimension of the base was discussed in Section 3.5.2 because it is designed to match 
with the DCB ceramic. A modification was made to the base to include a terminal hole 
that was made to allow proper lay of solar cell wires and to avoid overstressing them. All 
the simulated results shown in this work were carried out for both of the CCPC 
concentrator and the base, which is printed as one part. Figure 4.7 illustrates the main 
parts of the designed system.  
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Figure 4.7: Assembly of the concentrator testing system with the main components. 
 
The thickness of the base is the same as the thickness of the CCPC concentrator, which is 
2 mm for all of the designed geometries. The mating feature has been used to join the 
base and the concentrator parts to form one part. Once the parts are assembled, the file 
is saved in STEP AP214 (.step) format to be exported and opened by the ray-tracing 
software which will be discussed in the following section. 
 
4.3 Optical Modelling of the CCPC 
TracePro simulation is used to provide the optical evaluation for the designed CCPC 
concentrators. This step is important because it checks the designed concentrators and 
ensures that the design requirements are met before fabrication. The optical efficiency 
of the concentrator is crucial because it is a measure of the quality of the concentrator 
[184]. TracePro is a powerful simulation tool that is based on the Monte-Carlo method 
to predict the ray’s directional performance and the optical efficiency [185]. The ray-
tracing study offers information on the optical ray behaviour inside the concentrator, 
actual concentration ratio, optical efficiency and flux distribution. Figure 4.8 shows the 
flowchart, indicating the steps followed in carrying out the optical ray-tracing simulation 
for the CCPC and other concentrators using TracePro.  
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Figure 4.8: Flowchart of the steps of concentrator simulation. 
  
4.3.1 Ray-tracing Parameters 
A number of parameters must be input in TracePro to carry out the simulation. The 
material type selected for the concentrator body is acrylic plastic, which is the material 
used by the 3D printer in the laboratory. The internal surface of the concentrator is 
covered with a highly reflective mirror. The software provides two types of default 
reflectors: the perfect mirror and mirror, which have the specular reflectance of 100% 
and 95%, respectively. In addition, a variety of reflectors from several companies are 
also available. In this work, the reflector used is the alanod aluminium foil, which is not 
listed in the software. The alanod reflector has a specular reflectivity of 0.95, which 
indicates that 95% of the incident rays will be reflected and 5% of the rays absorbed by 
the reflector material (see Appendix B2). Once the material property is identified, the 
source of light is created and set to 1000 W/m2. The simulation was carried out using a 
total number of rays of 10,000, with normal to surface angular distribution as shown in 
Figure 4.9 (a). Table 4.2 lists a comparison of a different number of rays generated for 
simulation of 4.0x CCPC and the corresponding simulation results collected from the 
receiver surface. It can be seen from Table 4.2 that 10,000 rays have a reasonable 
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execution time of 7 seconds compared to 12 minutes required by 1,000,000 rays, with 
little difference in the average flux and optical efficiency for both simulations of using a 
different number of rays. 
 
Table 4.2: Comparison of the different generated number of rays to the 4.0x CCPC optical performance. 
No. of rays Execution time 
(min: sec) 
Average flux 
(W/m2) 
Optical efficiency 
 (ŋ𝐨𝐩𝐭𝐢𝐜𝐚𝐥) 
100 0:1 3815.8 92.77 
1000 0:5 3779.6 92.88 
10000 0:7 3784.9 93.01 
100000 1:14 3785.1 93.02 
1000000 12:01 3785.5 93.03 
 
Another essential step is to insert a block that acts as a receiver detector with a perfect 
absorber surface to ensure the collection of most of the rays. Once the simulation starts, 
the rays produced by the source strikes the surface of the concentrator and are reflected 
to the receiver area. The wavelength of the rays is set to 0.5461 µm because this number 
represents the mean value of the solar spectrum. Figure 4.9 (b) shows the light path of 
the CCPC using the ray-tracing simulation. It can be seen from Figure 4.9 (b) that the rays 
are reflected and concentrated to the received surface once they hit the CCPC’s surface. 
 
 
Figure 4.9: TracePro simulation: (a) light source parameters and (b) CCPC under light simulation. 
  
4.3.2 Evaluation of the CCPC Concentration Ratio 
The evaluation of the CCPC concentration ratio is the initial step to be carried out before 
any further investigation. This evaluation will determine how far the designed 
concentrator is from the original geometrical concentration ratio. The evaluation 
process in TracePro starts by ensuring the amount of power collected by the receiver 
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surface without concentrator is 1000 W/m2, which is the same amount of power 
produced by the light source. Figure 4.10 shows the two cases of the ray-tracing 
simulation for the CCPC concentration ratio (a) without and (b) with the concentrator. It 
can be seen from Figure 4.10 (a) that the power intensity received by the collector 
without the concentrator shows an average intensity of 1000 W/m2 which is the same as 
the intensity produced by the light source. Whereas Figure 4.10 (b) illustrates the case 
with the concentrator between the light source and the receiver surface, where the rays 
are reflected and concentrated at the receiver end. 
 
 
Figure 4.10: 4.0x CCPC evaluation with mirror reflector at two cases: (a) without concentrator and (b) 
with concentrator at 1000 W/m2 irradiance. 
 
The results of simulation show that the average illumination at the receiver surface of 
the 4.0x CCPC is 3790 W/m2 compared to 1000 W/m2 collected at the receiver surface 
when there is no concentrator. The simulated concentration ratio for the 4.0x CCPC can 
be calculated using the equation below, 
𝐶𝑅 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
=
3790
1000
≃ 𝟑. 𝟖x              (4.7) 
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Comparing the simulated concentration ratio with the designed geometrical 
concentration ratio of the 4.0x CCPC, it is found that a loss of 5% occurred, which is arises 
because the mirror reflector has a surface reflectivity of 95%. The power obtained from 
the simulation is a light power and to compare these results with the experimental 
results which are electrical power, the cell efficiency should be taken into consideration. 
All of the simulated results are multiplied by 10% which is equivalent to the average 
efficiency of a silicon cell used in this work. 
Figure 4.11 shows the 3D energy profiles of the concentrator with (a) a mirror of the 
reflectivity ρ =0.95 and (b) a perfect mirrors of the reflectivity ρ =1. The concentrator 
using the perfect reflector shows a good agreement with the geometrical concentration 
ratio because the average illumination obtained from the simulation is 3995.2 W/m2. The 
results indicate that the parabolic curves created by the above-mentioned design 
procedures produce the expected results. 
 
 
Figure 4.11: 3D view of 4.0x CCPC: (a) with a mirror reflector and (b) with perfect mirror reflector. 
 
It can be seen from Figure 4.11 that the high intensity appears at the corners of the CCPCs 
receiver because it represents the focal point of the parabolic curves. It is to be noted 
that these high peaks increase with an increase in the reflectivity of the reflector surface. 
The average flux intensity appears in the irradiance map is 3995.2 W/m2 for the case 
using the perfect mirror, compared to the average flux intensity of 3745.3 W/m2 for the 
case using a mirror with a reflectivity of 95%. The optical efficiency of 4.0x CCPC is 99.4% 
using a perfect mirror compared to 93.2% after applying the non-perfect reflectors. 
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Although there is no huge difference in the flux distribution between the two types of 
mirror reflectors; however, the slight difference in the power output can be noticed. It 
can be seen from Figure 4.11 that the perfect mirror has more power output over a lower 
reflectivity surface. This demonstrates that the specular reflection of the reflector used 
has a major impact on the output power of the concentrator.  
 
4.3.3 Simulation Results 
The simulation results provide three main parameters that are useful for comparison 
with the experimental results. These parameters are the power collected at the receiver, 
optical efficiency and flux distribution. The optical efficiency (ŋoptical) of the CCPC 
concentrator was calculated according to the equation below [186]: 
       ŋ
optical
=  
Ø 𝑒𝑥𝑖𝑡
Ø 𝑒𝑛𝑡𝑟𝑦 
                                                                  (4.8) 
where, Ø 𝑒𝑥𝑖𝑡 is the flux reached at the exit aperture of the concentrator and Ø 𝑒𝑛𝑡𝑟𝑦 is 
the flux enters at the entry aperture. The optical efficiency is automatically determined 
in TracePro simulation, and the results are displayed below the irradiance map that 
follows the term “Flux/Emitted Flux” in Figure 4.12.  
 
The receiver surface is attached to the bottom of the CCPC, which is the exact location of 
the solar cell that was placed under the concentrator during the tests. Figure 4.12 shows 
the irradiance maps at (a) the focal plane of the 4.0x CCPC and (b) 2 mm below the focal 
plane, respectively. As mentioned in the CCPC design section of this chapter, because the 
thickness of the concentrator is 2 mm, the receiver surface ( i.e., solar cell ) is actually 
located at the 2 mm below the focal plane of the concentrator as shown in Figure 4.12 
(b).  
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Figure 4.12: Receiver location under the CCPC concentrator: (a) at 0 mm and (b) at -2 mm. 
 
The difference in light distribution between the two detector positions can be seen 
clearly from Figure 4.12. In the case of placing the detector at the focal plane (0 mm), the 
flux appears to be concentrated more at the four corners and hotspots (in red) occur. It 
can be seen from the irradiance bar that the flux can reach up to 20 times the flux of the 
incident rays. A low amount of flux is also collected at the centre of the detector. The 
optical efficiency and the electrical power output from solar cell (assuming 10% 
conversion efficiency of the solar cell) in this case are 89.6% and 36.5 mW, respectively. 
Whereas, when the detector is placed at 2 mm below the focal plane the flux appears to 
be more uniform than the previous case and the maximum flux can reach up to 12 times 
the flux at the incident rays. The optical efficiency and the power output obtained at 2 
mm below the focal plane are found to be higher than that at the focal plane, which are 
93.0% and 38.0 mW, respectively. The average flux received at the receiver surface for 
both focal plane and 2 mm below focal plane are 3647 W/m2 and 3745 W/m2, 
respectively. Although the flux distribution in this case is better than that from the focal 
plane, the flux distribution is uneven and this may affect the solar cell’s efficiency. The 
concentrated flux has to be uniformly distributed across the receiver surface to deliver 
high cell performance. The flux uniformity across the receiver’s surface will be 
investigated intensively in Chapter Five. 
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The simulation was carried out for the five concentrators to obtain their optical 
efficiencies. Table 4.3 lists the results of simulation for the solar cell placed at 2 mm 
below the focal plane and with light incidence at an angle normal to the plane.  
 
Table 4.3: Simulated results for the five CCPC concentrators at 0° incidence angle. 
CCPC 
(𝑪𝒈) 
Concentration 
ratio (𝑪𝒓) 
Optical 
efficiency 
(ŋ𝐨𝐩𝐭𝐢𝐜𝐚𝐥) 
Entry 
aperture 
(mm) 
Exit 
aperture 
(mm) 
Total flux 
(mW) 
2.9x 2.75 93.85 17 x 17  
 
10 x 10 
27.63 
4.0x 3.78 93.01 20 x 20 38.00 
6.0x 5.60 92.05 24.5 x 24.5 56.07 
8.3x 7.51 91.38 28 x 28 75.33 
9.0x 8.32 90.51 30 x 30 83.29 
 
It can be seen from Table 4.3 that the optical efficiency decreases as the geometrical 
concentration ratio increases. This can be attributed to the fact that the optical losses 
increase with an increase in the height of the concentrator. 
 
4.4 Fabrication and Testing of the Reflective CCPC 
The fabrication process of the reflective CCPC concentrators was carried out using 3D 
printing technology, as discussed in Section 3.5.1. Three types of reflectors were 
compared to select the best reflector for use in this work. The details of this comparison 
are given in the reflector types section.  
 
4.4.1 Acrylic Plastic CCPC 
The steps of printing the concentrators were discussed earlier in section 3.5.1. Once the 
concentrator is printed using the Form +1 3D printer, the concentrator is kept dry before 
applying the reflector inside the internal surface of the concentrator. The process of 
applying the reflector material is applicable to other types of reflector material. An 
example of applying alanod aluminium reflector (Alanod GmbH, Germany) is illustrated. 
The steps are as follows:  
 
• Print out the shape of the parabola 
 
In SolidWorks software, print the 2D cross sectional CAD drawing of the concentrator in 
normal A4 paper size to a scale 1:1. This ensures that the printed drawing and marked 
parabola lines are consistent in size. The printed drawing can be seen in Figure 4.13. 
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• Cut the printed paper along the marked parabola lines 
 
The printed parabola shape is then cut along the marked parabola lines. This process is 
repeated four times for the four parabola sides. 
 
• Stick the paper in an aluminium reflector 
 
The printed parabola shape is then attached to the backside of the aluminium reflector 
and the reflector is cut to match the printed drawing. 
 
• Apply the reflector inside the CCPC 
 
The final step is to apply “super glue” onto the backside of the aluminium reflector and 
the internal part of CCPC. Then, stick the four reflectors inside the CCPC interior surface. 
Figure 4.13 shows the process of applying aluminium reflector to the interior part of the 
printed CCPC concentrator. 
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Figure 4.13: Steps of applying aluminium reflector in the internal surface of CCPC.  
 
4.4.2 Reflector Types  
The reflector material used for the CCPC concentrator plays an important role in 
ensuring that the efficiency of the concentrator is not reduced. To investigate the 
reflector impact on the overall concentrator performance, three commercial reflectors 
were used and compared to determine the outcome. The materials used in this study are 
3M aluminium foil [187], adhesive aluminium reflector [188] and an alanod MIRO high-
reflection sheet [189]. Figure 4.14 shows photographs of the three tested reflectors. 
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Figure 4.14: Different reflector types used: (a) 3M aluminium foil, (b) adhesive reflector tape and (c) 
alanod reflector sheet. 
 
The reflectivity of the 3M aluminium foil and the adhesive aluminium reflector are not 
available from the manufacturers. Although the 3M aluminium foil seems to have a 
specular finish, its main drawback lies in the difficulty of applying the reflector to the 
CCPC’s inner surface. This reflector is very soft, which can easily cause wrinkles when 
applied inside the concentrator, and this impedes the rays being reflected towards the 
cell. Meanwhile, the adhesive reflector tape is easier than the 3M foil when applied to the 
concentrator, but it does not have as good specular finish as the 3M aluminium foil. The 
three reflectors were applied to the inner surfaces of the 4.0x CCPC concentrators using 
the same procedure with maximal care. They were then tested under the standard 
testing condition described in Section 3.2.3. Figure 4.15 shows the I-V and P-V results for 
the three different reflectors. 
 
 
Figure 4.15: Comparison of the three tested reflectors: (a) I-V curves and (b) P-V curves. 
 
It can be seen from Figure 4.15 (a) that the short-circuit current (Isc) of the concentrator 
using alanod reflector is 0.090 A, while they are 0.055 A and 0.050 A for the 3M 
aluminium foil and adhesive reflector, respectively. Similarly, in Figure 4.15 (b) the 
maximum power output of the 4.0x CCPC using the alanod reflector is 0.045 W, which is 
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significantly higher than those using the 3M foil and adhesive reflector (0.026 W and 
0.023 W, respectively). The drop in the maximum power output is about 42.2% when the 
3M foil is used instead of alanod aluminium reflector. The optical efficiency decreases 
with a decrease in the reflectivity of the material used (adhesive reflector) and with the 
fabrication process (3M foil). Clearly, an appropriate selection of the reflector materials 
has significant influence on the optical efficiency of the fabricated concentrators. Based 
on the results, the alanod reflector has been selected to construct the acrylic CCPCs that 
were employed for the other studies in this project. In addition, this reflector has a 
constant reflectivity of 95% at different Angles of Incidence (AOI). Figure 4.16 shows the 
reflectivity of the alanod reflector as a function of wavelength for different AOIs [189]. 
 
 
Figure 4.16: Miro film reflector as a function of wavelength [189]. 
 
4.4.3 Experimental Results of the Reflective CCPC 
The testing of the fabricated concentrators was carried out and the electrical power 
output of the silicon solar cell was measured without and with the concentrator. The 
following steps were used to obtain the experimental results:  
1- The solar simulator was switched on and a warm-up period of at least 20 minutes 
followed prior to starting the experiment to achieve a steady illumination of light 
across the illumination area.  
2- Once the solar simulator was warmed up, the Solar Survey (apparatus for light 
intensity measurement) was switched on and placed in the middle of the light 
illumination area. Then, the solar simulator distance from the Solar Survey screen 
was adjusted until the Solar Survey displayed a reading of 1000 W/m2. 
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3- The distance that corresponds to 1 sun between the solar simulator and the Solar 
Survey was measured using a ruler and the solar cell was placed at the same distance 
as measured from the solar simulator. 
4- A thermocouple was attached near the solar cell to monitor the temperature of the 
solar cell and ensure to be remained at 25 °C. 
5- The +Ve and -Ve terminals of the solar cell were connected to the inputs of the 
Autolab to obtain the I-V curves. 
6- NOVA software was opened and the control screen of the Autolab was used to 
monitor the VOC readings. The initial value of the open-circuit voltage (𝑉𝑂𝐶) was 
inserted into the Autolab procedure and the start button was clicked to generate the 
I-V curves of the solar cell.  
7- Once the I-V curve was obtained, the data was exported and stored in an Excel sheet. 
Then, the simulator attenuator shutter was turned off.  
8- The concentrator was placed on the top of the DCB ceramic and secured to it by 
screws to ensure the same 1 sun distance from the solar simulator to the entry 
aperture of the concentrator. 
9- Steps 6 to step 7 were repeated to obtain I-V curves of the solar cell with the 
concentrator. The measurements were carried out three times for each test to 
ensure repeatability of the experiment and an average result is presented. 
 
The simulated optical efficiency produced by TracePro was compared with the 
experimental optical efficiency. The experiment concentration ratio (𝐶𝑒𝑥𝑝) is obtained 
by dividing the short-circuit current of the solar cell with a concentrator 
(𝐼𝑠𝑐  𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) by the short-circuit current of the bare cell 
(𝐼𝑠𝑐  𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛),  
    𝐶exp = 
𝐼𝑠𝑐 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝐼𝑠𝑐 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
                                             (4.9) 
While the experimental optical efficiency (ŋ𝐸𝑥𝑝,𝑜𝑝𝑡𝑖𝑐𝑎𝑙) is determined by dividing the 
experimental concentration ratio (𝐶exp) by the geometrical concentration ratio 
(𝐶𝑔𝑒𝑜) multiplied by 100,  
               ŋExp,𝑜𝑝𝑡𝑖𝑐𝑎𝑙 =  
𝐶exp
𝐶𝑔𝑒𝑜
  x 100                                           (4.10) 
where, 𝐶𝑔𝑒𝑜 is the geometrical concentration ratio defined in Section 4.2.1.  
The same solar cell needs to be used for the tests with and without the concentrator. 
Also, the distance between the solar simulator and the concentrator has to be adjusted 
to ensure that an irradiance of 1000 W/m2 is obtained at the entry aperture of the 
concentrator. Moreover, the temperature of the solar cell should be maintained at 25° C 
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because a variation of the cell’s temperature leads to a change in the 𝐼𝑠𝑐 and 𝑉𝑜𝑐  . Figure 
4.17 represents (a) I-V and (b) P-V curves for the five CCPC concentrators and the bare 
cell. 
 
 
Figure 4.17: Solar cell characteristics under five CCPCs concentrator: (a) I-V curves and (b) P-V curves. 
 
The short-circuit current of the solar cell under one sun condition (without 
concentrator) is 0.0270 A, which increased to 0.089 A using 4.0x CCPC. This gives an 
experimental concentration ratio of 3.33x and an optical efficiency of 83.0% ± 0.5% for 
the 4.0x CCPC, which has a geometrical concentration ratio of 4 times, as originally 
designed. The experimental optical efficiency is about 10% lower than the simulated 
optical efficiency of (93%). All five fabricated concentrators were investigated in detail. 
Figure 4.18 and Table 4.4 display the performances of the silicon cell as a function of 
different concentration ratios. 
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Figure 4.18: The cell parameter trends for the five CCPC concentrators. 
 
It can be seen from Figure 4.18 that all of the cell parameters are improved with an 
increase in the concentration ratio. It can be seen from Figure 4.18 that the Voc curve 
show a slight variation with different concentration ratios. This is due to a slight 
difference in the cell temperature as the test was carried out in different days which 
make it very challenging to maintain the same water flow and temperature. The results 
from this work provide clear experimental evidence that the performance of 
photovoltaic system can be enhanced with concentration. 
The deviation between the optical simulation and experimental results can be calculated 
by using the equation below [190]: 
    𝐷𝑒𝑣 (%) =|
𝐸𝑋𝑃−𝑆𝐼𝑀
𝐸𝑋𝑃
| x 100          (4.11) 
The deviation was calculated for the normal angle of incidence and the results are 
presented in Table 4.4.  
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Table 4.4: Experimental characteristics of five CCPCs under 1 sun illumination at normal incidence (0°). 
CCPC 
ratio 
(x) 
𝑰𝒔𝒄 
 (A) 
VOC 
(V) 
FF 
 (%) 
Cell 
efficiency 
(%) 
Power 
(mW) 
Actual 
optical 
efficiency 
(%) 
Deviation 
in optical 
efficiency 
(%) 
Bare 
Cell 
0.027 
 
0.577 65.0 10.1 10.1 - - 
2.9 0.065 
 
0.610 68.7 11.3 27.2 83.5 12.4 
4.0 0.089 0.620 69.7 11.8 39.0 83.0 12.1 
6.0 0.132 0.636 70.7 12.1 59.3 82.0 12.3 
8.3 0.188 0.648 72.0 12.6 88.4 84.5 8.1 
9.0 0.198 0.649 73.0 12.8 94.7 82.0 10.4 
 
The maximum optical efficiency of 84.50% was recorded for the 8.3x CCPC. The exit 
aperture of this concentrator was shrunk after the printing process and measured first 
by ruler and then using Coordinate Measuring Machine (CMM) to measure the exact 
dimensions of the exit aperture which found to have an area of 9.92 mm x 9.84 mm 
(Appendix B3). Consequently, the geometrical concentration of this concentrator 
becomes 8.3x. The concentrator was designed to have a geometrical concentration of 
8.0x, but it ended up with 8.3x. 
The optical efficiencies differ from one concentrator to another slightly and this is likely 
due to the manual method of applying the reflectors to the CCPC inner surfaces. It is to 
be noted that these in-house fabricated concentrators achieved higher optical efficiency 
compared to those reported in the literature (see Table 2.1). To my knowledge, the 
maximum optical efficiency for the same type of concentrators was reported to be 80% 
[104]. The results in Table 4.4 show the concentrators developed in this work represent 
the highest optical efficiency of the CCPCs known to date. It can be seen from Table 4.4 
that Isc, VOC and FF are increased as the concentration ratio increases. This increase leads 
to an increase in the power output of all the concentrators compared the power output 
of the bare cell. For example, the 9.0x CCPC show a significant increase in the short-
circuit current by 7.4 times compared with the bare cell. The open-circuit voltage was 
also increased from 0.578 V to 0.650 V. In addition, the FF increased from 65% to 73%. 
The FF for monocrystalline silicon is around 80% as per the manufacturer datasheet [82] 
under concentration, where the cell used in this research is found to vary from 65% to 
67% under 1000 W/m2, as discussed in Section 3.2.3. This leads to a significant increase 
in the power output of the solar cell with concentration, even though the actual optical 
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concentration ratio is only 7.4x due to various optical losses. It can be seen from Figure 
4.17 (b) and Table 4.4 that the power output of 9.0x CCPC is 9.4 times higher than that of 
the bare cell (i.e., > geometrical concentration ratio). These results indicate that the gain 
in the power output due to concentration has over-compensated the optical losses in the 
concentrator because of increase in Isc, VOC, and FF with the concentration. This provides 
further evidence of the benefit of using concentrated solar power systems.  
 
4.5 Fabrication and Testing of the Coated CPC 
Another type of CPC concentrator was designed, constructed and experimentally tested. 
The 3D CPC is formed after rotating the 2D parabola curve around the concentrator axis 
(an imaginary midline which intersects the half of the absorber). The result of this 
revolving operation is a 3D CPC that has a circular entry and circular exit. Because silicon 
cells are commonly supplied in a square shape, this brought an idea of investigating a 
circular CPC entry with a square exit that fits with the silicon monocrystalline solar cell 
with a size of 10 mm x 10 mm. This unique modification on the original CPC design was 
fabricated and tested to compare the power output and the optical efficiency between 
the circular and square concentrators. This investigation will explore if there are any 
advantages of the circular CPC over the CCPC type. Figure 4.19 illustrates the CAD design 
of the CPC with the circular entry and square exit aperture. The parabolic curve of this 
concentrator has been taken from Edmund CPC design which available online [191]. This 
CPC is designed to have a geometrical concentration ratio of 7.0x and it was designed in 
the earlier stage of this project before designing the square CPC. The consideration of 
employing this type of the geometry is considered because this shape can be readily 
fabricated using lathe machine tools. 
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Figure 4.19: CAD design views of the 3D CPC concentrator shape and dimension in mm: (a) top view, (b) 
right view, (c) bottom view and (d) isometric view. 
 
The area of the entry aperture of the circular concentrator is given by,  
     𝐴entry = 𝜋𝑟
2                         (4.12) 
where, 𝑟 is the radius of the entry area of the circular CPC and 𝜋 is 3.1415. The 
geometrical concentration ratio of this CPC is determined by, 
𝐶geo = 
𝐴entry
𝐴exit
 
After designing the concentrator in SolidWorks, the CAD file of the CPC is exported to 
TracePro software for optical study of the concentrator. 
 
4.5.1 Simulation Study of Circular CPC  
Following the same process of simulation described in Section 4.3, the circular CPC is 
optically analysed and evaluated. This design differs from that of the CCPC as its exit area 
was cut to a square shape instead of a normal circle exit. This cut affects the performance 
of the concentrator and leads some incident rays to be reflected away from the receiver 
outside the CPC as shown in Figure 4.20. 
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Figure 4.20: 3D CPC simulation: (a) irradiance map for the exit aperture and (b) the ray-tracing of the 7.0x 
CPC concentrator. 
 
In TracePro software, a circular object has been inserted as a source surface for the 7.0x 
CPC with the same diameter of the entry aperture of the concentrator. Although the exit 
aperture of the circular concentrator is square, the irradiance map shows a circular flux 
intensity distribution. This is due to the circular curvature of the concentrator which is 
different from the CCPC that has four corners as explained by Cooper et. al. [142].  
 
The optical evaluation process that was used in Section 4.3.2 is followed with the 7.0x 
circular design. The simulation shows that the design has a concentration ratio, optical 
efficiency and power output of 6.5x, 88.9% and 65 mW, respectively. The uniformity 
distribution of light in the circular 7.0x concentrator shows a circular image of the entry 
aperture, and no light is received at the corners of the detector surface. From the 
simulation, it can be seen that the circular design suffers from non-uniform distribution 
flux at the receiver’s surface. 
 
4.5.2 Coating of the CPC  
It was found that applying an aluminium reflector to a circular CPC is much more difficult 
due to internal curvature and the size of the aluminium reflector. Consequently, the 
coating appears to be the only viable solution for this type of concentrators. For this 
particular design, a CNC machine (described in Section 3.5.2) was used to fabricate the 
concentrator to have a fine and smooth finish prior to the coating stage. After machining, 
the fabricated aluminium concentrator was sent to CIR Electroplating [192] for gold 
plating. The gold plating was employed to produce a specular surface. The concentrator 
was polished, zincated, copper flashed, silver-plated and finally gold plated (0.5 microns, 
23ct). Figure 4.21 shows the CPC before and after coating. The CPC concentrator was 
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then experimentally investigated using a silicon solar cell to validate the simulation 
results. The two concentrators were tested under STC and the I-V and P-V curves were 
obtained to identify the difference between the coated and not coated concentrator 
(Appendix B4). The maximum power output (𝑃𝑚𝑎𝑥) obtained for the non-coated 
concentrator at normal incidence is 33.7 mW (about 60%) of that obtained with the 
coated concentrator which found to be 55.4 mW.  
 
Figure 4.21: 7.0x CPC concentrator before and after coating. 
 
4.5.3 Experimental Results of the Coated CPC 
Prior testing of the coated CPC concentrator, a square 7.0x CCPC was designed and 
fabricated for comparative study. Figure 4.22 shows the I-V curves and P-V curves for 
both concentrators, and the bare cell under the illumination of 1000 W/m2. The short-
circuit current increased from 0.027 A (bare cell) to 0.126 A and 0.145 A for the circular 
and square CPCs, respectively. Similarly, the open-circuit voltage increased from 0.577 V 
(bare cell) to 0.631 V and 0.638 V for the circular and the square CPCs, respectively. In 
addition, the FF has shown a boost from 66% (bare cell) to 70% for both 7.0x circular 
and square concentrators. As a result, the cell efficiency has also increased from 10.00% 
(bare cell) to 11.80% and 12.00% for the circular and square CPCs, respectively. The P-
V curves shown in Figure 4.22 (b) shows a 14% increase in power for the square 7.0x 
compared with the circular 7.0x concentrator. The advantage of the square design over 
the circular design is that it increases the area of collected irradiance when connected in 
an array and it optimises the use of solar cells when they are cut in square shape 
compared to a circular shape [104].  
 
Mazin AL-Shidhani   CHAPTER FOUR 
 
101 
 
 
Figure 4.22: 7.0x square, 7.0x circular and the bare cell electrical output: (a) I-V curve and (b) P-V curve. 
 
The experimental results (EXP) of the circular CPC and square CCPC were compared with 
the simulation results (SIM) in terms of the optical efficiency and the power output.  
Figure 4.23 presents comparison between the circular 7.0x CPC and the square 7.0x CCPC 
in terms of (a) optical efficiency and (b) power output. 
 
 
Figure 4.23: Simulation and experimental comparison for 7.0x CPC and 7.0x CCPC for: (a) optical 
efficiency and (b) power output.  
 
It can be seen clearly from Figure 4.23 (a) that the simulated (blue bars) optical efficiency 
of the square concentrator is slightly higher than the optical efficiency of the circular 
concentrator, which are 91% and 88%, respectively. The difference is more significant 
based on the results from the experiments (Orange bars). This is probably due to the 
poorer coating finish of the circular concentrator compared to the aluminium reflector 
used in the square concentrator. It is worth to notice that the curve used in the circular 
concentrator was not made by using the parametric equation, which has been explained 
in the first section of Chapter Four (square CCPC). As the curve used in the circular 
concentrator was used in the very early stage of the project before discovering the best 
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equation to draw the CPC curve. The cause of variation in the experimental results is due 
to the reflectivity surface of the two concentrators. Figure 4.23 (b) shows that the 
simulated power outputs of the two concentrators are almost the same (approximately 
65 mW). Whereas the experiment power outputs are found to be 55.70 mW and 64.75 
mW for the circular and square concentrators, respectively. It appears that the square 
7.0x CCPC has higher optical efficiency due to higher reflectivity of reflector material 
than that of the coated 7.0x CPC. In addition, there appears to be more losses in the 
circular 7.0x CPC due to the mismatch between the circular entry aperture and square 
exit aperture. 
 
4.6 Summary 
An effective procedure has been developed for the design, fabrication and 
characterisation of high-quality low-concentration solar concentrators. The design 
follows the established theoretical framework and is assisted using TracePro simulation, 
while 3D printing is employed for accurate implementation of the concentrator 
geometry and the highly reflective surfaces are formed by covering the surfaces with 
high reflectivity mirror materials. The quality of the concentrators is evaluated in terms 
of the optical efficiency by I-V and P-V curves of the photovoltaic systems constructed 
using a silicon solar cell and the fabricated concentrators.   
 
Using this fabrication process, a high-quality concentrator (8.3x) has been developed 
that has an optical efficiency of 84.5%. To my knowledge, this is the highest value 
reported to date.  Furthermore, the experimental results show that the increases in the 
power outputs of 8.3x and 9.0x CCPCs are higher than their respective geometrical 
concentration ratios, even though optical losses exist in the concentrators. This is a 
surprising result but can be explained by the fact that the efficiency of the solar cell 
increases with increasing the light intensity, offering a further advantage for using solar 
concentrators.   
 
A set of concentrators with geometrical concentration ratios of 2.9x, 4.0x, 6.0x, 8.3x, and 
9.0x have been fabricated and characterised, which display optical efficiencies in a range 
of 82% to 84%, representing the highest optical efficiencies reported to date. These 
concentrators were designed and fabricated for the study of angular response in the 
following chapter.  
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A new concentrator geometry that has a circular entry area and square exit area was 
designed, implemented and investigated experimentally. The advantage of this type of 
geometry is that it can be fabricated using the lathe machines, which are readily available 
in many workshops. However, the experimental results show that its optical efficiency is 
lower than its CCPC counterpart.  
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Chapter Five: Angular Response and Light 
Uniformity of Concentrators 
 
5.1 Introduction 
The investigation of the angular response of a concentrator is important to examine its 
capability and limitation for solar energy harvesting under real operating conditions 
where the incidence angle of sunlight changes with time. This study focuses on 
experimental determination of the angular response of the five fabricated CCPC 
concentrators (2.9x, 4.0x, 6.0x, 8.3x and 9.0x). The knowledge obtained from this 
investigation will provide useful insights into the necessity and the use of an appropriate 
tracking system for maximum energy production over the period between sunrise and 
sunset. In this study, the non-uniformity of light distribution across the solar cell’s 
surface due to the use of the concentrator, its effect on the power output of the 
concentrated systems are also investigated to demonstrate the importance of the 
uniformity in concentrator design. In addition, the possibility of increasing the 
acceptance angle of a given concentration ratio is explored, which could have important 
implications for efficiency and cost of concentrated systems. 
 
5.2 Angular Response  
The angular response study aims to determine the dependence of the output power of a 
concentrator on the incidence angle. The test was carried out by pointing the 
concentrator normal to the solar simulator light and then changing the incidence angle 
in increments of 5° clockwise and anticlockwise. Many authors used the term ‘normal 
incidence’ to describe the incidence rays that are perpendicular to the entry aperture of 
the concentrator (middle of the concentrator) or to the PV surface [2, 116, 193, 194]. The 
in-house fabricated rotary stage described in Section 3.3 was used to study the angular 
response by setting the concentrator at different angles, and obtaining the 
corresponding I-V curves of the solar cell mounted on the receiver area of the 
concentrator. This chapter focuses on investigating the angular response of the following 
specific CCPC concentrators (2.9x, 4.0x, 6.0x, 8.3x and 9.0x) and the 4.0x rectangular 
CCPC.  
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5.2.1 Simulation 
A ray-tracing simulation was used to carry out the optical analysis of concentrators and 
to investigate the optical efficiency of each concentrator at a different Angle of Incidence 
(AOI) before conducting the experimental test. In order to match the experimental test 
conditions, the simulation was carried out by tilting both the concentrator and the 
receiver surface from +90° to -90° at increments of 5°, while the source surface was fixed. 
Figure 5.1 shows the simulation setup of 4.0x CCPC under the light source, and the 
receiver’s irradiance map at four selected AOI (0°, 15°, 30° and 45°). The irradiance map 
shows the light distribution (also referred to as flux distribution) on the receiver’s 
surface and the colour scale beside the map indicates the intensity level: red for high 
intensity, blue for low intensity and black for no flux received. The receiver surface used 
in the simulation has an area of 10 mm x 10 mm that matches the exit aperture of the 
concentrator. The receiver’s surface is assumed to be a perfect absorber of the incoming 
solar irradiance and the reflector is assumed to have a specular reflectivity of 95%. It can 
be seen from the figure below that the light distribution on the receiver surface changes 
with the change in incidence angle. At the normal incidence (0°), all the rays are 
concentrated on the receiver surface and result in optical efficiency of 93.0%, as shown 
in Figure 5.1 (a). This percentage indicates that the concentrator at normal AOI can 
reflect the majority of the rays falling on the concentrator to the exit aperture area, with 
only 7.0% of the rays are lost. In the simulation, the optical efficiency is found to be  
86.4% when the incidence angle is at 15° and the loss is more likely due to the blockage 
of light on the left-edge due to the tilt as shown in Figure 5.1 (b). Figure 5.1 (c) shows the 
direction of the rays when the concentrator is at its half acceptance angle (30°). This 
angle represents the maximum incidence angle where the blockage is due to the tilt of 
the concentrator and the light on the right side of the concentrator surface reflected out 
after multiple reflections inside the concentrator wall. The electrical power output 
collected at the receiver surface when the AOI is at 30° is 0.5 mW compared to 38.0 mW 
received at normal incidence. Consequently, the optical efficiency at this angle is only 
1.30%, resulting in a reduction of 91.7% in the optical efficiency from that at the normal 
incidence. Figure 5.1 (d) shows the simulated rays at an incidence angle of 45°, which is 
beyond the half acceptance angle of the concentrator. It is evident that the rays are not 
reaching the receiver’s surface and are lost outside the concentrator. 
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Figure 5.1: Irradiance maps showing the light distribution for 4.0x CCPC at four incidence angles: (a) 0°, 
(b) 15°, (c) 30° and (d) 45°. 
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It is to be noted that the simulation results are conducted along an East-West (E-W) 
direction (from right to left). Because the concentrator is symmetrical and has both 
square entry and exit apertures, the result will be the same for a North-South (N-S) 
direction. This result shows that the CCPC produces the maximum power output when 
the rays are at normal incidence (0°) and that the power reduces dramatically with an 
increase in the incidence angle. 
 
Figure 5.2 compares the simulated results of the angular response of the bare cell (red) 
with the 4.0x CCPC (blue) for angles within ±90°. The angular response of the bare cell 
was simulated using the source and the receiver only. The source is set to produce 1000 
W/m2 and the receiver surface collects the total amount of rays directly from the source 
without using the concentrator. The receiver surface was then tilted from -90° to +90° at 
increments of 5°.  The angular response of the 4.0x CCPC was simulated using the same 
procedure, except the concentrator was inserted between the light source and the 
receiver. All the simulated results are converted to electrical power (assuming 10% 
conversion efficiency of the solar cell) by multiplying the optical power by 10% which is 
equivalent to the average efficiency of a silicon cell used in this work. 
 
Figure 5.2: The power output variation of the 4.0x CCPC and the bare cell at a different AOI. 
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The peak power for the bare cell is 10 mW at normal incidence when the cell is placed 
horizontally and perpendicular to the solar simulator light. The power output reaches 
50% of its peak power with an AOI ±60°. A bare cell is thus shown to have a gradual 
reduction in its output power in response to AOI. The maximum simulated power output 
for 4.0x CCPC is also achieved when the light is perpendicular to the solar cell surface 
(normal incidence). The concentrator generates a peak power of 38 mW, compared to 
10 mW with no concentration, delivering a maximum power ratio of 3.8. However, the 
4.0x CCPC power output reduces to more than 50% of its peak value when the AOI varies 
in the range of 25°, and this continues to decrease with the increase of incidence angle. 
In addition, it can be seen that the power produced by the 4.0x CCPC  is always higher 
than the one provided by the bare cell when the AOI is within ±25°, after this angle the 
power is 0 mW, while the bare cell can still absorb rays beyond 30° because the 
acceptance angle is 180° in this case.  
 
Figure 5.3 shows the simulated power output (a) and optical efficiency (b) as a function 
of different incidence angles for five concentrators: 2.9x, 4.0x, 6.0x, 8.3x and 9.0x. It can 
be seen from Figure 5.3 (a) that when the incidence angle is 0° the concentrators with a 
higher concentration ratio have a higher power output than that of the lower 
concentration (e.g., they are 83.0 mW and 27.7 mW for 9.0x and 2.9x concentrators, 
respectively). However, the concentrators with higher concentration ratio have lower 
power output when the incidence angle is close to the half acceptance angle of the 
concentrator than that of lower concentration ratio. 
 
Figure 5.3 (b) shows that the concentrators with a lower concentration ratio have a 
higher optical efficiency than that of the higher concentration (e.g., they are 94% and 
90% for 2.9x and 9.0x concentrators, respectively). Different optical losses occurred due 
to the different height of the concentrators, as the rays’ pathway is longer in higher 
concentration CCPCs than in the lower concentration CCPCs.  
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Figure 5.3: Simulated variation of: (a) power output and (b) optical efficiency with incidence angle for the 
five concentrators, 2.9x, 4.0x, 6.0x, 8.3x and 9.0x. 
 
All five concentrators simulated here have the same receiver size but possess different 
entry aperture, concentration ratio, height and half acceptance angle. It can be seen that 
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the half acceptance angle of these CCPCs decreases as the concentration ratio increases. 
It can be seen from Figure 5.3 (b) that the 2.9x CCPC has a wider half acceptance angle 
(36.00°) compares to the 9.0x CCPC, which has a half acceptance angle of 19.47°. 
Nevertheless, the concentrator with a higher concentration ratio is capable of gaining 
more power than those of low concentration ratios. However, a tracking system is 
required to harvest power for a long period due to the narrow half acceptance angle of 
high concentration CCPCs. These simulated results will be validated by experimental 
investigation, as described in the next section.  
 
5.2.2 Experimental Results and Discussion 
For the experimental tests, the rotary stage is placed at the centre of the solar simulator 
illumination area and the pointer is adjusted at 0°, indicating that the incident light from 
the solar simulator is perpendicular to the aperture area of the solar concentrator. This 
position provides the maximum power to be collected at the receiver area of the 
concentrators. Figure 5.4 shows a photograph for the angular response experiment of 
the 4.0x CCPC concentrator at normal incidence. 
 
Figure 5.4: 4.0x CCPC layout under normal incidence illumination. 
 
The rotary stage is tilted to a given incidence angle manually to study the angular 
response with and without the concentrators. The angles were varied between 0° and 
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45° because the maximum half acceptance angle is 36° for the 2.9x CCPC and narrower 
for other tested CCPC concentrators. The rotary stage is rotated in an increment of every 
5° and the I-V curve is obtained for each angle. I-V curves were taken when the cell 
temperature reaches 25 °C (±1 °C) to meet the Standard Test Condition (STC) of PV cell 
testing. An initial test is conducted using a bare cell at the light intensity of 1000 W/m2, 
which is measured using the Solar Survey [161]. The distance between the solar 
simulator and the cell surface is adjusted to ensure one sun irradiance at solar cell 
surface. After the angular test is completed for the bare cell, a concentrator is mounted 
on the top of the cell and secured firmly to the rotary stage, to ensure the stable rotation 
of the concentrator without falling down and to provide cooling to the solar cell at the 
same time. The distance is adjusted again to achieve one sun irradiance on the entry 
aperture of the concentrator. Figure 5.5 shows the comparison between the simulation 
(SIM) and experimental (EXP) results for the 4.0x CCPC. The tests were repeated three 
times and the average values are presented with error bars shown in Figure 5.5. It can 
be seen that the experiment results of the 4.0x CCPC show a good agreement with the 
ray-tracing simulation results, with an average deviation of the power output of 1.5% for 
angles between 0° to 15°. A dramatic drop in power output appears at AOI 15° for both 
sets of data.  
 
Figure 5.5: Comparison between simulation and experimental result of 4.0x CCPC. 
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Further analysis was carried out to examine the changes in the I-V and P-V curves at 
different incidence angles. Figure 5.6 (a) shows that the short-circuit current (𝐼𝑠𝑐)  and 
the maximum power (𝑃𝑚𝑎𝑥) at normal irradiance have the highest values which are 
0.084 A and 0.039 W, respectively. The fill factor can also be determined from the I-V, 
which is 0.72. Figure 5.6 (b) shows a slight drop of the short-circuit current (𝐼𝑠𝑐) to 
0.0782 A and the maximum power (𝑃𝑚𝑎𝑥) to 0.034 W at A0I of 15°. The fill factor also 
decreases slightly to 0.71. The I-V curve shows a significant drop of the short-circuit 
current (𝐼𝑠𝑐) when the AOI is 30°. This angle is theoretically the half acceptance angle of 
the 4.0x CCPC, and the short-circuit current is reduced to 0.01 A and the maximum power 
is reduced to 0.003 W, and the fill factor to 0.59. The power output reduces to almost 0 
when the angle is greater than the half acceptance angle of the concentrator as shown in 
Figure 5.6 (d), where most of the rays falling onto the surfaces of the concentrator are 
reflected back to outside of the concentrator. 
 
Figure 5.6: I-V and P-V curves for the 4.0x CCPC at different angles: (a) 0°, (b) 15°, (c) 30° and (d)45°. 
 
Figure 5.7 presents the angular response of the power data collected for 2.9x, 4.0x, 6.0x, 
8.3x and 9.0x CCPCs. The experimental power output from the bare cell decreases 
gradually when the AOI increases as shown in Figure 5.7. This gradual reduction is due 
to the cosine effect [195], which can be explained by the fact that the solar cell surface 
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area under the illumination of the sunlight decreases with the cosine of the AOI (normal 
to surface). In addition, the experimental results show that the concentrators with lower 
concentration ratio have a wider half acceptance angle than that of the higher 
concentration ratios, as predicted by the simulation.  
 
The 4.0x CCPC has a maximum power output of 38.00 mW at normal incidence, and a 
power ratio of 3.8 when compared with a bare cell.  The power ratio is determined from 
the power output of the solar cell with a concentrator divided by the power output of the 
bare cell [113]. 
 
The results show that the angular response of the 4.0x CCPC is narrower compared to 
the 2.9x CCPC. The 6.0x CCPC has a maximum power output of 59.80 mW at normal 
incidence, with a rapid decrease in power for AOI larger than 5°. It can be seen, for 
example, that the power output of 6.0x CCPC is reduced to 55% of its peak value when 
the AOI is 15°. Despite the higher power output of 8.3x and 9.0x CCPCs, at 75.00 mW and 
89.70 mW, respectively, these concentrators have poor angular response compared to 
the concentrators of lower concentration ratio as shown in Figure 5.7. This explains why 
a tracking system is needed for the concentrators with a higher concentration ratio. 
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Figure 5.7: Variation of the experimental power output for concentrating CCPCs and non-concentrating 
with different incidence angles. 
 
5.3 Uniformity  
The uniformity of light distribution on the PV cell is an important parameter in the design 
of the PV system, as the non-uniform illumination over the solar cell decreases the solar 
cell’s performance. The uniform distribution of the light on the solar cell results in 
reducing the hot spots on the receiver areas [195]. The light distribution in the solar cell 
can differ from one concentrator to another, which depends on many factors, including 
the concentrator geometry, imperfections of optics and errors in the reflector surface 
[79]. Moreover, at different incident angles, there will be different light distributions at 
the receiver side. As discussed in the literature, non-imaging concentrators do not reflect 
the image of the source in a single-point; this is considered an advantage over imaging 
concentrators because a single-point focus can cause hotspots and thus malfunctioning 
of the solar cell. However, the light distribution in the non-imaging concentrator, 
especially the CCPC, is not uniform across the solar cell. As the concentration ratio of the 
CPV system increases, the non-uniform distribution increase as well and it becomes 
more difficult to maintain uniformity. This section aims to explore the possibility of 
Mazin AL-Shidhani   CHAPTER FIVE 
 
115 
 
improving uniformity of light distribution in the solar cell under the fabricated 
concentrators in this research. 
 
5.3.1 Simulation 
The non-uniformity was initially investigated using the ray-tracing simulation to map 
the distribution of the reflected light over a receiver area of 10 mm x 10 mm, which is 
divided into nine sections (blocks) of equal size, as shown in Figure 5.8.  
 
 
Figure 5.8 Nine positions of the receiver area for uniformity simulation using TracePro. 
 
The nine sections are numbered as shown in Figure 5.8.  The section width is 3.33 mm 
and the distance between each section is approximately 0.04 mm. As mentioned in 
Section 4.3.3, the default position of the receiver surface is at 2 mm below the 
concentrator end. The same setup is used in this simulation, except that the light 
radiation is changed from 1000 W/m2 to 115 W/m2. This change is necessary because 
the spectroradiometer employed for experimental validation has an upper limit of 1.5 
suns. The spectroradiometer was used experimentally to validate the simulated results 
of the non-uniformity test and these results will be discussed in the next section. As an 
example, the flux distribution of the 4.0x CCPC with a height of 25.9 mm is displayed in 
Figure 5.9 (b) showing a higher power intensity on the four corners of the receiver.  
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Figure 5.9: 4.0x CCPC uniformity test: (a) the average flux at nine sections for the given incidence of 115 
W/m2 and (b) the corresponding irradiance map showing the flux distribution across the nine sections. 
 
Applying 115 W/m2 at the source side, it can be seen clearly that the peak flux is focused 
at the corners of the receiver (i.e., the positions of 1, 3, 7 and 9 in Figure 5.9). The power 
value in these positions is greater than 500 W/m2, while the power values in other 
positions (2, 4, 5, 6 and 8) range from 350 W/m2 to 375 W/m2. The actual concentration 
ratio of this 4.0x CCPC can be determined using the average flux over the nine positions, 
which is 3.7x. The corresponding optical efficiency is 93%. Figure 5.10 shows the 
simulated power distributions for the five concentrators and the contour plots 
correspond to each concentrator at the nine positions. The irradiance maps shown in the 
figure represents the uniformity of the full cell area of five different concentrators. It can 
be seen clearly from Figure 5.10 that the 2.9x and 4.0x have almost the same non-
uniformity distribution and the hotspots appear at the corners. The 6.0x, 8.3x and 9.0x, 
are shown to have a different light distribution due to different concentration ratios. The 
varying intensity levels appear to be focused at the edges. 
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Figure 5.10: Power flux distribution for the five concentrators at the nine positions and their 
corresponding contour plot. 
 
It is important to understand the flux distribution and its effect on the performance of 
solar cells. The non-uniformity can be calculated based on IEC60904-9 by measuring the 
minimum and maximum flux over the tested area [165]. Using the simulation results for 
the 4.0x CCPC at the receiver location of -2 mm, the non-uniformity over the nine sections 
under normal irradiance can be calculated by: 
𝑁𝑜𝑛 − 𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 (%) =  
541−350
541+350
  x 100% = 21.4% 
This corresponds to a uniformity of 78.6%. Ahmed et al proposed another method to 
evaluate the uniformity [196] by defining the Concentrator Uniformity Factor (CUF), 
which is determined by:  
CUF = [1 - ( 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒−𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 
 ) ]x 100        (5.1) 
The values obtained using this method are very similar to the first method. Therefore, in 
this study, the uniformity of the received irradiance on the receiver is computed using 
the standard (first) method.  
 
5.3.2 Experimental Validation  
A spectroradiometer has a small sensing area that enables measurement of the light 
intensity of the section area shown in Figure 5.8 and is, therefore, employed to determine 
the light distribution over the solar cell surface. The spectroradiometer consists of two 
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devices that measure the UV-VIS and NIR ranges, respectively, so as to cover a wide range 
of 300 nm to 1700 nm. To ensure constant and repeatable testing, a copper plate is used 
and mounted on an adjustable aluminium stage. The aluminium stage has nine holes to 
secure the CR2-AP receptor and only the middle hole is used for this test as it is kept in 
the middle of the light illumination area as shown in Figure 5.11. The copper sheet has a 
thickness of 0.6 mm with nine circular holes drilled within a 10 mm x 10 mm area (i.e., 
the same size of the solar cell area). The holes are evenly spaced and the diameter of the 
holes is 3 mm, which matches the aperture of the Cosine Receptor CR2-AP of the 
spectroradiometer. The holes are numbered in the same manner as shown in Figure 5.8. 
The light from the solar simulator is detected by the CR2-AP receptor, which is connected 
to the two devices by Y-shape fibre optics. The outputs of both instruments are 
connected to a PC that processes and displays spectral graph from the measured data. 
Figure 5.11 shows the experimental setup for the non-uniformity test. 
 
 
Figure 5.11: Experimental setup for the non-uniformity test. 
 
The copper sheet is painted with black paint to avoid light reflecting on the sheet and to 
avoid further concentration within the internal wall of the holes. The spectroradiometer 
needs to be tested prior of using it to ensure that it functions properly. A standard 
practice before using the device is to take dark reference by blocking the fibre optic 
aperture so there is no light entering into the sensor. Then, the solar simulator is 
switched ON and the tests were recorded for three different intensity levels, which was 
achieved by changing the distance between the solar simulator and the fibre optic 
aperture, corresponding to 7, 7.1 and 8 inches, respectively. The intensity of 1000 W/m2 
(1 sun) is found to be at the distance of 7.1-inch. This test was carried out without using 
the copper sheet and the concentrator. Figure 5.12 shows the spectral irradiance at three 
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different levels. This test was repeated three times for each level and the maximum 
standard deviation of 1% was found between the three tests. 
 
Figure 5.12: Spectral irradiance for different intensity levels. 
 
The results shown in Figure 5.12 were taken at the centre of the illumination area (i.e., 
position 5) through the holes of the aluminium stage (Figure 5.11), where the Cosine 
Receptor (light sensor) is attached.  
Table 5.1 displays the experimental data collected from the spectroradiometer at one 
sun irradiance (7.1 inches). 
 
Table 5.1: Experimental data collected by the spectroradiometer at one sun irradiance. 
Electromagnetic wave From To Irradiance (W/m2) % 
UV-VIS 300 750 541 53.55% 
IR 750 1700 473.42 46.86% 
Total 300 1700 1010.27 100% 
 
Another two tests have been carried out before testing the concentrator uniformity at 
exit aperture. These tests made to check the uniformity of the nine positions separately, 
and to investigate the effect of the copper sheet before using the concentrator. The 
normal spectral irradiance was measured without the copper plate, and then the plate 
was introduced to calculate the effect on the non-uniformity that plate has, and the 
results are shown in Figure 5.13. 
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Figure 5.13: Spectral irradiance by using a spectroradiometer for: (a) nine positions uniformity test and 
(b) with and without a copper sheet. 
 
As shown in Figure 5.13 (a), the differences in the spectral irradiance among the nine 
positions are very small. The average standard deviation among the nine positions is 
0.18%, while the maximum deviation is 1.57% at 1685 nm. Figure 5.13 (b) shows the 
measured spectral irradiances with and without the copper sheet, respectively. The 
maximum standard deviation is 2.25% at 1685 nm, indicating that the use of the copper 
sheet should not introduce significant error. The CR2-AP was fixed at the central hole of 
the aluminium stage (i.e., the middle of the illumination area). A tape was used to attach 
the concentrator to the copper sheet and then the concentrator was moved on the top of 
the fixed CR2-AP detector to record the light intensity at each of the nine holes at the exit 
aperture of the concentrator. The spectral irradiance of each hole was taken at a time. 
Figure 5.14 presents the results of this test for 2.9x CCPC. Each point represents the total 
intensity summarised over the range from 300 nm to 1700 nm as shown in the table of 
Figure 5.14 (a), in the unit of W/m2. It can be seen that position 1 has higher power, as 
also indicated by the spectral graph (dark blue) of Figure 5.14 (a). Meanwhile, position 5 
has lower spectral irradiance, and this can also be seen in Figure 5.14 (a). The flux 
uniformity is shown in Figure 5.14 (b), and is approximately in agreement with the 
simulated results for 2.9x, as seen in Figure 5.10. 
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Figure 5.14: Simulated and experimental results of 2.9x CCPC at nine positions for: (a) experimental 
spectral irradiance and (b) simulated and experimental uniformity distribution. 
 
5.3.3 Improved Design  
It was noticed that the flux distribution on the receiver’s surface was not uniform when 
the receiver was located at the default position, 2 mm below the focal plane, as discussed 
in Section 4.3. This observation led to an investigation of the flux uniformity on the 
receiver surface at different distance to the focal plane and its effect on the power output 
of the solar cell. The study was carried out initially by simulation and then by 
experimental validation. As a result of this study, a new batch of concentrators was made 
and they are referred to as the ‘improved design’. 
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5.3.3.1 Simulation of the Improved Design  
The uniformity of flux distribution was investigated by changing the distance between 
the receiver and the concentrator. As explained earlier (Section 4.3.3), -2mm is the 
default position to place the solar cell underneath the exit surface of the concentrator, as 
this is the thickness of the concentrator wall. This thickness was found to be rigid for a 
robust concentrator after printing. It was found that this gap can significantly affect the 
power output of the solar cell. Several positions were examined to achieve the best 
performance from the CCPCs. The flux distribution on the receiver surface as a function 
of the distance from the focal plane was investigated systematically by varying the 
distance from 0 mm to 6 mm below the focal plane at an interval of 0.5mm. Figure 5.15 
shows the uniformity distribution as a function of detector positions. 
 
Figure 5.15: Uniformity distribution of light as a function of detector positions: (a) 2.9x CCPC, (b) 4.0x 
CCPC, (c) 6.0x CCPC, (d) 8.3x CCPC and (e) 9.0x CCPC. 
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It can be seen that the distance from the focal plane of the concentrator to the top surface 
of the solar cell has a significant effect on the concentrator uniformity. The solar cell 
positioned at 0 mm (focal plane) has the lowest uniformity among all the positions. The 
uniformity increases initially with increasing the distance from the focal plane and 
reaches the highest uniformity at an optimal position, and then decreases as the distance 
further increases. However, the optimal value is different for the concentrator with a 
different concentration ratio. The position of -2 mm is the default position for all five 
concentrators where the top surface of the solar cell is placed exactly on the bottom 
surface of the concentrator. The uniformity at this position appears to be 80% for all 
concentrators investigated, as shown in Figure 5.15. For the 2.9x CCPC, the highest 
uniformity is found at -3 mm, at which the uniformity reached 91.6 %. For the 4.0x CCPC, 
the highest uniformity of 89.0 % is achieved at -2.5 mm, which is 0.5 mm below the 
default position). For the 6.0x, 8.3x and 9.0x CCPCs, the highest uniformity is found to be 
at the position of -1.5 mm.  
Figure 5.16 shows the simulated flux distributions of the 4.0x CCPC for four different 
receiver positions. It can be seen from Figure 5.16 that there is a noticeable difference in 
the flux distribution between the default position and the optimal position.  
 
 
Figure 5.16: Comparison of four different positions for the 4.0x CCPC flux distribution. 
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It can be seen from Figure 5.16 (a) that the hotspots are focused at the corners and the 
central area has a lower intensity. Figure 5.16 (b) shows the flux distribution at the 
default position (-2 mm) where the four hotspots also appear at the corners, but with 
lower intensity than that at -1.5 mm. When the solar cell is lowered by 0.5 mm 
downwards from the default position (-2.0 mm), the uniformity of the flux is displayed 
in Figure 5.16 (c), which shows a more homogenous distribution across the solar cell. 
The contrast between the hotspots and central area is less significant compared to that 
at the position of -2.0 mm. Figure 5.16 (d) displays the irradiance map at -5 mm from the 
focal plane of the concentrator, which shows higher light intensity in the central area, 
which is the opposite to the cases shown in Figures 5.16 (a), (b) and (c).  
The light intensity at nine positions (see Figure 5.8) of the improved design is compared 
to the old design. The results are shown in Figure 5.17 (a)-(e) for 2.9x, 4.0x, 6.0x, 8.3x 
and 9.0x CCPCs, respectively. A clear improvement is evident. For example, the results of 
the 2.9x CCPC displayed in Figure 5.17 (a) show that the data spread across the nine 
positions for improved design (-3 mm) are significantly smaller than those of the old 
design (-2 mm). Similar conclusions can also be drawn from Figure 5.17 (b)-(e) for the 
CCPCs of 4.0x at position of -2.5 mm, 6.0x, 8.3x and 9.0x at position of -1.5 mm. 
 
 
Figure 5.17: Simulation results for the nine position blocks of the improved design for: (a) 2.9x CCPC, (b) 
4.0x CCPC, (c) 6.0x CCPC, (d) 8.3x CCPC and (e) 9.0x CCPC. 
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5.3.3.2 Experimental Validation of the Improved Design  
After carrying out the simulation study of the solar cell position, the design of the CCPCs 
was modified in SolidWorks according to the optimal positions and the second batch of 
the concentrators (improved design) were fabricated. Figure 5.18 shows the 
photographs of the fabricated second batch of concentrators with a modification in the 
cell position, which involved reducing the thickness of the base plate of some of the 
concentrator, such as 6.0x and 9.0x. 
 
 
Figure 5.18: The second batch of the CCPC concentrators with improved design. 
 
The new batch of concentrators was fabricated using the same fabrication process and 
the same aluminium reflector of 95% reflectivity as the first batch in order to see the 
effect of the solar cell position. It is noticed from Figure 5.18 that the thickness of the 
base plate of 6.0x and 9.0x CCPC in the new batch of concentrators is reduced by 0.5 mm.  
 
The new batch of concentrators was first tested under one sun irradiance using the same 
solar cell, the same test conditions and processes that were used to obtain the I-V curves 
of the first batch. The old designs were also tested immediately following the completion 
of the first tests on the new batch to ensure the testing conditions as consistent as 
possible for fair comparison. Figure 5.19 displays the I-V curves for the bare cell, the old 
and the new batches of the CCPCs obtained at STC and under normal incidence (0°). The 
experiment results of the improved CCPC design show a marginal improvement over the 
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old design. This confirms the importance of the uniformity in concentrator design for 
obtaining large power output. Table 5.2 lists the performance parameters of the solar 
cell obtained from the bare cell, and those with the old and improved design of CCPCs. 
An increase in the power output of the solar cell can be seen clearly from all the 
concentrators in the new design. 
 
 
Figure 5.19: I-V curves comparison between the old and new designed batches.  
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Table 5.2: Electrical characteristics of the old and new design. 
 Old design New design 
CCPC 
(𝑪𝒈) 
𝐈𝐬𝐜  
(A) 
Cell effic. 
(%) 
FF 
(%) 
Power 
(mW) 
𝐈𝐬𝐜  
(A) 
Cell effic. 
(%) 
FF 
(%) 
Power 
(mW) 
Bare 
Cell 
0.0270 9.55 63.00 9.55 __ 
2.9x 0.0648 11.33 68.70 27.18 0.0664 11.50 70.30 28.30 
4.0x 0.0889 11.70 69.70 38.50 0.0940 12.42 73.00 43.00 
6.0x 0.1323 12.10 70.70 59.30 0.1383 12.40 72.00 63.50 
8.3x 0.1843 12.65 72.90 87.30 0.1886 12.80 74.00 88.35 
9.0x 0.1989 12.86 73.00 97.70 0.2066 12.88 73.40 98.55 
 
The flux distribution was investigated experimentally again using the spectroradiometer 
with the nine holes in the copper sheet. Figure 5.20 shows the comparison of light 
distribution between the simulated and experimental results for the 2.9x concentrator 
only. The results show a good agreement between the simulation and experiment. Figure 
5.20 shows the simulated and experimented power at -3 mm positions (improved 
design). The test was repeated three times and the average results is presented. The 
experimental uniformity for -3 mm is 86.89%. The difference between the two sets of 
data is that the simulation represents the average flux collected over the whole area of 
each section whereas the experimental data was obtained from a single point within the 
corresponding section. Table 5.3 shows the simulated results for an old and new design 
for the five CCPCs.  
 
This experiment reveals that significant error could exist in determining the 
concentration ratio based on measuring the short-circuit currents due to the effect of 
non-uniformity. For accurate determination, the spectroradiometer should be employed. 
 
Table 5.3: Simulated results for an old and new design for the five CCPC’s using TracePro. 
CR 
(x) 
Avg. flux 
old (%) 
Uniformity 
old (%) 
Std.Dev 
old (%) 
Avg. flux 
new (%) 
Uniformity 
new (%) 
Std.Dev  
new (%) 
2.9x 314.24 85.58 48.46 309.34 91.68 17.21 
4.0x 432.49 79.34 84.97 432.58 88.81 29.84 
6.0x 638.81 82.85 70.30 638.50 92.61 33.72 
8.3x 850.20 80.88 126.99 860.20 95.91 26.68 
9.0x 956.65 75.05 175.08 956.55 93.16 41.15 
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Figure 5.20: Simulated and experimental power as a function of the position for the 2.9x CCPC. 
 
5.4 Rectangular Cross Compound Parabolic Concentrator 
(RCCPC) 
The standard Cross Compound Parabolic Concentrator (CCPC) is a square shape for both 
entry area and exit area. A new type of CCPC was designed and investigated in this 
section, which has a square exit area but rectangular entry area. This new type of CCPC 
is referred to as the Rectangular Cross Compound Parabolic Concentrator (RCCPC). The 
purpose of this study is to investigate the angular response of the RCCPC in comparison 
with the standard CCPC, aiming to improve the angular response of the CCPCs with the 
same concentration ratio. The RCCPC has two different parabolic profiles and hence two 
different half acceptance angles in the east-west (E-W) and north-south (N-S) directions 
as shown in Figure 5.21.  
 
5.4.1 RCCPC Design  
The RCCPC was designed to have a rectangular entry aperture and square exit area with 
a geometrical concentration of 4.0x, which will be compared later with a square 4.0x 
CCPC. The same CCPC profile that was used to design the standard 4.0x CCPC (as 
explained in Chapter Four) is used for the 4.0x RCCPC. The changes were made on the 
entry aperture for both sides while keeping the same height. Consequently, the curve 
differs from the standard 4.0x CCPC (with a half acceptance angle of ϴ𝑐= 30°), resulting 
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in a wide half acceptance angle of ϴ𝑐1= 33.97° along the long side and a narrow half 
acceptance angle of ϴ𝑐2= 26.59° along the short side, as illustrated in Figure 5.21. 
 
 
Figure 5.21: CAD design of the 4.0x RCCPC with long and short sides dimensions. 
 
It can be seen in Figure 5.21 that the entry aperture of the RCCPC has a dimension of 16 
mm on the short side and 25 mm on the long side, and the solar cell at the receiver end 
remains as 10 mm x 10 mm. This gives a geometrical concentration ratio of 4.0x. The 
angular response can be investigated along E-W (short side) and N-S (long side) 
direction, as shown in Figure 5.21.  
 
5.4.2 Simulation  
A ray-tracing simulation using the TracePro was performed to study the effect of the 4.0x 
RCCPC on its angular response due to the two different half acceptance angles and to 
compare it with the original 4.0x CCPC. This time, the source was applied in a rectangular 
shape to match the entry aperture of the asymmetric concentrator. Figure 5.22 shows 
the simulated optical efficiency for the E-W and N-S directions as a function of the 
incidence angle between 0° and ±45°.  
Mazin AL-Shidhani   CHAPTER FIVE 
 
130 
 
 
Figure 5.22: Simulated optical efficiency for the 4.0x RCCPC for both E-W and N-S directions. 
 
The graph shows a wider angular response for the RCCPC in the E-W direction (short 
side) and a narrower angular response in the N-S direction (long side). This is an 
unexpected result but can be explained by the fact that the second reflection of the rays 
by the parabolic surface of the short-side walls fall back to the exit area, resulting a 
significant increase in half acceptance angle in the E-W direction. In the N-S direction, 
the rays from the second reflection are all coming out of the concentrator from the entry 
aperture. Only the rays from first reflection are able to fall onto the exit aperture. Figures 
5.23 and 5.24 show the irradiance maps of the 4.0x RCCPC for different incidence angles 
along the E-W and N-S directions, respectively. It can be seen from Figure 5.23 that the 
rays falling onto the exit area at 30° and beyond are those subjected to the second 
reflection. It is clear that the increase in the half acceptance angle is due to the second 
reflection in a favourable direction. 
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Figure 5.23: Simulated irradiance maps for the 4.0x RCCPC along E-W direction at: (a) AOI= 0°, (b) AOI= 
15°, (c) AOI= 25°,(d) AOI= 30°, (e) AOI= 35°, (f) AOI= 40°. 
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Figure 5.24: Simulated irradiance maps for the 4.0x RCCPC along N-S direction at: (a) AOI= 0°, (b) AOI= 
15°, (c) AOI= 25°, (d) AOI= 28°, (e) AOI= 30°  and (f) AOI= 35°. 
 
A detailed inspection of Figure 5.23 shows that the receiver’s surface collects all of the 
incoming rays at a normal incidence angle (0°) and the average flux received is 3769 
W/m2. For AOI at 15°, some incoming rays are still able to shine onto the receiver surface 
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directly while other of incoming rays reach the receiver surface after one reflection as 
shown in Figure 5.23 (b). The corresponding average flux is reduced to 3498.9 W/m2 due 
to a decrease of the effective entry area. For AOI at 25° (Figure 5.23 (c)), all incoming 
rays that reach the receiver surface are reflected once and the average flux collected 
decreases further to 3112.5 W/m2. For AOI at 30° and 35° (Figure 5.23 (d)-(F)), all 
incoming rays are reflected twice before reaching the receiver surface and the average 
flux is reduced to 2210 W/m2 and 856.2 W/m2, respectively. As the AOI increases further, 
the effective entry area reduces further and more rays that have entered the 
concentrator are reflected out until no rays are able to reach the receiver’s surface, which 
corresponds to an AOI > 40° as shown in Figure 5.23 (f).  
 
The angular response of the RCCPC along N-S direction exhibits a similar trend, except 
that the second reflection in this direction cannot reach the receiver surface. Instead, all 
incident rays after the second reflection are reflected out of the concentrator. It can be 
seen that the simulated half acceptance angle in this direction is very close to the 
theoretical value of 33.97°. It is interesting to note that the simulated half acceptance 
angle in the E-W direction is approximately 40°, which is significantly larger than the 
theoretical value of 26.59°. Moreover, the large half acceptance angle is obtained without 
causing any reduction in the concentration ratio and optical efficiency. This result 
provides an important insight into the possibility of achieving improved half acceptance 
angle through geometrical design by considering the second reflection.  
 
Finally, it is to be noted that the light distribution becomes increasingly non-uniform as 
AOI increases and the uniformity becomes worse for the RCCPC than for the standard 
CCPC. As demonstrated in the previous section, the non-uniformity degrades the 
performance of the solar cells. In addition, it may lead to cell deterioration, due to 
operating under highly inhomogeneous light intensity across the cell surface.  
 
Based on the irradiance maps in Figure 5.23 and Figure 5.24, the average light intensity 
as a function of the AOI can be calculated. The results are presented in Figure 5.25 for 
both E-W and N-S directions. It can be seen that the highest light intensity of 3769.3 
W/m2 is obtained at AOI=0° and it decreases as the AOI increases. However, the average 
light intensity decreases much faster in the N-S direction than in the E-W direction once 
the AOI is larger than 20°.  
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Figure 5.25: Average flux incidence on the receiver surface for E-W and N-S directions at different incident 
angles. 
 
5.4.3 Experimental Result and Discussion  
The experimental work is conducted to validate the findings of the simulation study. The 
concentrator was fabricated using a 3D printer, as described in Section 3.5.1. The same 
reflector material with specular reflectivity of 95% is applied to the internal surface of 
the concentrators. Figure 5.26 shows a photograph of the printed 4.0x RCCPC. 
 
 
Figure 5.26: A photograph of the fabricated 4.0x RCCPC. 
 
The tests were carried out using the measurement system described in Chapter Three. 
The temperature of the solar cell was maintained at 25° and the I-V curves were taken at 
a different incidence angle, which varied from 0° to 45°. Each test was repeated three 
times. Figure 5.27 shows the average values of the power output obtained from the three 
experiments (in black) compared with the power output of the simulated results (in red). 
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The average deviation between the simulation and experimental is 3.1% for the 
concentrator rotating along the E-W direction with the AOI varying from 0° to 25°, while 
the average deviation for the N-S direction is 9.0% for the same angles. Clearly, the 
simulation and experiment are in a good agreement. 
 
 
Figure 5.27: Simulation and experimental results of the power output of the 4.0x RCCPC. 
 
The possibility to improve the angular response of the standard CCPCs was also 
investigated.  Previously, the angular response was determined by positioning a CCPC 
with its sides in parallel to the sides of the base of the rotary stage as shown in Figure 
5.28 (a). In this experiment, the test was carried out by positioning a standard 4.0x CCPC 
with its sides at 45 degrees in respect to the sides of the base of the rotary stage as shown 
in Figure 5.29 (b). The angular response was then determined by rotating the rotary 
stage as shown in Figure 5.28 (d). Figure 5.28 (e) shows a photograph of the 
experimental setup.  
 
Figure 5.29 shows the experimental results of the angular responses obtained from a 
standard 4.0x CCPC positioned in parallel position and 45° position, respectively. The 
experimental results from a 4.0x RCCPC along E-W and N-S directions are also included 
for comparison. It can be seen from Figure 5.29 that the angular response is improved 
slightly by positioning the standard 4.0x CCPC at 45° (blue line), compared to the 
standard 4.0x CCPC positioned in parallel (black line). However, a significant 
improvement is achieved by using the 4.0x RCCPC in E-W direction (red line), although 
the power output at lower angles appears to be slightly lower than that of the standard 
4.0x CCPC. It is anticipated that a RCCPC can produce more total energy than a standard 
CCPC when used in stationary operation. Meanwhile, the RCCPCs have a narrower 
Mazin AL-Shidhani   CHAPTER FIVE 
 
138 
 
angular response in the N-S direction. It is crucial to ensure that the RCCPCs are operated 
in the E-W direction to obtain the maximum benefits.  
The usefulness and potential benefit of a concentrator with improved angular response 
is to reduce the number of movements of the tracking system, which will be 
demonstrated in Chapter Six.  
 
 
Figure 5.28: Illustration of angular response experiments in two different positions: (a) standard position 
at AOI=0°, (b)  45° position at AOI=0°, (c) standard position at AOI=30°,  (d) 45° position at AOI=30°, and 
(e) a photograph of the experimental setup. 
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Figure 5.29 shows a power output comparison between the original 4.0x CCPC, the 4.0x 
CCPC rotated at 45°, and the 4.0x RCCPC at E-W and N-S. 
 
 
Figure 5.29: Experimental results for the 4.0x CCPC normal, 4.0x CCPC rotated at 45° and 4.0x RCCPC at E-
W and N-S directions. 
 
5.5 Summary 
The main objectives for this chapter are to investigate the angular response of the 
concentrators developed in Chapter Four and to explore the possibility of further 
improvement. The angular responses of the five CCPCs of different concentration ratios 
were determined and the results show that the half acceptance angle of the CCPCs 
decreases as the concentration ratio increases, as predicted by TracePro simulation.  
 
An attempt was made to improve the uniformity of the light distribution of the CCPCs, 
which were shown to have a noticeable effect on the power output of the solar 
concentrator system. A systematic study reveals that the uniformity is very sensitive to 
the distance between the exit aperture of the concentrator and the top surface of the 
solar cell. High uniformity over 90% can be achieved by placing the solar cell at an 
optimal position that ranges from 1 mm to 3 mm below the exit aperture of the 
concentrators, depending on the concentration ratio of a specific concentrator.  
 
The possibility of improving the angular response for a given concentration ratio was 
explored. One method is to simply rotate a standard CCPC by 45° in the horizontal plane. 
The experimental result using the 4.0x CCPC shows that the light intensity has been 
increased within the angles of 15° and 25°, compared with those of the standard setup. 
A much larger improvement was found by using a rectangular CCPC operating in E-W 
direction.  In this case, both the half acceptance angle and the light intensity within the 
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range of 15° and 40° are substantially improved. The simulation results indicate that the 
improvement happens because a significant amount of light after second reflection fall 
onto the exit aperture even when the incidence angle is larger than the half acceptance 
angle. To my knowledge, this result is the first experimental evidence to demonstrate 
that the angular response of CCPCs can be improved by including multiple light 
reflections in a geometrical design. 
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Chapter Six: Energy Production Optimisation 
  
6.1 Introduction 
This chapter describes the calculation of the daily energy production of the fabricated 
CCPCs when they are used in non-stationary solar concentrator systems. A tracking 
system can be employed to maximise the collection of solar radiation, whose incident 
angle changes with time. The optimal tracking movement for each concentrator is 
determined in order to minimise the number of tracking movements and thus reduce the 
cost of the tracking system. The calculations were initially performed under a fixed solar 
radiation of 1000W/m2, and then under a varied radiation based on real solar data. 
Finally, the costs analysis and economic viability are discussed. 
 
6.2 Tracking Model for CPV 
The objective of carrying out the energy calculation is to identify the amount of energy 
that produced by the cell coupled with the concentrator in a day and the corresponding 
optimal tracking movements that deliver the highest energy production with the least 
number of tracking movements. In principle, in order to obtain the maximum energy 
production, constant tracking is needed to ensure that the angle of incidence (AOI) of the 
rays is always perpendicular to the entry aperture of the concentrator.  
 
6.2.1 Fixed Radiation  
The calculation of the optimal tracking movements was first carried out under a fixed 
solar radiation, using the energy results obtained from the angular response indoor 
experiments of the fabricated concentrators. In this case, solar radiation is generated 
from a solar simulator and, thus, the following assumptions were made.  
 
6.2.1.1 Assumptions 
The assumptions that were made to calculate the energy production under a fixed solar 
radiation are: 
1. A fixed solar radiation of 1000 W/m2 is used to approximate the real solar 
radiation, so that the data from indoor experiments on the angular response can 
be employed directly.  
2. The sky is clear with no clouds and diffuse radiation (ideal case). 
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6.2.1.2 Fixed Radiation Calculation Procedures 
The calculation procedure is the same for all concentrators of different concentration 
ratios, except for some minor deviations in the procedure depending on the number of 
movements and the overlap condition. The procedure is demonstrated as follows using 
an example based on the 4.0x CCPC, but it is valid for all of the other concentration ratios. 
 
Procedure for Calculating Energy Production at 5° Intervals  
1. The power output against the solar incidence angle is collected at intervals of 5° 
using the results of angular response experiments (the units of power were 
converted from mW to W).  
2. The length of time that corresponds to the solar incidence change needs to be 
determined. It is known that the sun moves 15° per hour [197]. Therefore, it 
takes 20 minutes for the sun to move 5°.  
3. The energy produced over every 20 minutes can be calculated using the average 
power output between the two angles of 5° difference to multiplying the length 
of time (20 minutes) and then convert it to hour.  
4. The calculation will cover the angular change from 0° to 180° that corresponds 
to the sun movement from sunrise to sunset. 
 
Case1: No Movement 
In the case of no movement, the concentrator was positioned with its axis aligned 
vertically (i.e., in parallel to 90°) and the sunlight can only reach the solar cell within the 
full acceptance angle of the concentrator. For the 4.0x CCPC, this is between 60° and 120°, 
as shown in Figure 6.1. Table 6.1 lists the power output as a function of the solar 
radiation incidence angle for 4.0x CCPC, which were determined in Chapter Five, and 
corresponding energy production over every 5°, which were calculated based on the 
procedure described above.  The total energy production in a day using the 4.0x CCPC is 
the sum of 12 points, which gives 0.11 Wh.  
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Figure 6.1: No movement case protractor representation for the 4.0x CCPC. 
 
Table 6.1: Power output as a function of the solar radiation incidence angle for 4.0x CCPC. 
 
 
Figure 6.2 shows the energy produced by the 4.0x CCPC at 12 points (intervals) within 
the full acceptance angle. Because the concentrator is stationary in a vertical position, 
the best angles that can harvest the maximum energy are the angle between 85° and 90°, 
and the one between 90° and 95°, which correspond to interval 6 and 7 (circled in red), 
respectively. In Table 6.1, it can be seen that the energy collected during intervals 6 and 
7 is 0.0128 Wh, while it is only 0.0030 Wh during the intervals 1 and 12, thus providing 
that tracking can improve the energy collection. 
It is to be noted that the number of intervals is different for the concentrators with 
different full acceptance angles. For a concentrator of known full acceptance angle, the 
number of points can be calculated using the formula below: 
 Number of intervals =
𝐹𝑢𝑙𝑙 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒 𝑎𝑛𝑔𝑙𝑒
5
                    (6.1) 
where, 5 represents a change of 5°.  
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Figure 6.2: Energy collected using the 4.0x CCPC during 12 intervals against the time of the day. 
 
Case 2: One Movement 
To increase the energy collection for the 4.0x CCPC, the concentrator was initially 
positioned by aligning its axis at 60° to the horizontal plane and then making one 
movement to 120° in response to the sun’s movement, as shown in Figure 6.3 (a). Based 
on the assumption of fixed solar radiation (i.e., the light intensity does not change with 
the incident angles) and no overlap between the two positions, the total energy collected 
in this case is simply twice that of Case 1. 
 
Case 3: Two Movements 
Because the 4.0x CCPC has a full acceptance angle of 60°, it can be used to cover 180° by 
two movements without any overlap as shown in Figure 6.3 (b). In this case, the 
concentrator is initially positioned with its axis at 30°, and it moves to 90° and 150° in 
response to the sun’s movement. Based on the same assumptions as described in Case 2, 
the total energy collected in this case is three time of Case 1.  
Overlap occurs when two sets of data share the same points. For a concentrator that has 
a full acceptance angle of ϴ, the overlap will definitely occur if,  
      ϴ(𝑛 + 1) > 180°                                                 (6.2) 
where, 𝑛 is the movement without causing overlap. Clearly, the overlap will happen for 
the 4.0x CCPC if n>2.  
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Case 4: Three Movements 
This case describes three movements that led to the overlap. For the 4.0x CCPC, overlap 
occurs after three movements. When the number of movements increases, the intervals 
producing the least energy on the angular response curves are removed from the dataset 
(i.e., points 1 and 12 in Figure 6.2), which are used to calculated energy collected at large 
light incidence angles. Appropriate arrangement of overlaps can eliminate the data 
points that contribute least to energy production. Consequently, the points with higher 
energy values remain. In this case, an effective acceptance angle can be defined and used 
for energy production calculation. For a concentrator operation that satisfies equation 
6.2, the effective acceptance angle, ϴ𝑒 , of a concentrator can be calculated using, 
          ϴ𝑒 =
180
𝑛+1
                                                   (6.3) 
using equation (6.3), the effective acceptance angle of the 4.0x CCPC for n=3 will be 
reduced from 60° to 45°. Consequently, the number of intervals required for energy 
production calculation will be reduced to 9, as indicated by equation (6.1). Figure 6.3 (c) 
shows the arrangement of the tracking movements for this case. It can be seen that the 
least productive intervals in the angular response of the 4.0x CCPC becomes irrelevant. 
In the energy production calculation, only intervals 2 to 10 were used, and intervals 1, 
11 and 12 were discarded. 
 
Case 5: Eight Movements and More 
The calculation of eight movements of the 4.0x CCPC follows the same process described 
in Case 4. Using equation (6.1) and (6.3), the results show that the effective acceptance 
angle for n=8 is 20° and the number of intervals needed for energy production 
calculation is 4. Figure 6.3 (d) illustrates the arrangement for eight tracking movements 
of the 4.0x CCPC with an effective acceptance angle of 20° and four intervals for each 
movement. The same process may be performed with 17 movements and 35 movements, 
as shown in Figure 6.3 (e) and (f), respectively. When the number of movements of the 
concentrator increases, the overlap between the acceptance angles of the concentrator 
increases and the effective acceptance angle becomes narrower. This leads to the 
removal of more intervals of low energy value and, consequently, only the highest 
interval for energy production remains for the case with 35 movements. 
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Figure 6.3: 4.0x CCPC movements: (a) 1 movement, (b) 2 movements, (c) 3 movements, (d) 8 movements, 
(e) 17 movements, and (f) 35 movements. 
 
For each tracking arrangement, the energy produced using the 4.0x CCPC can be 
calculated using this method. Figure 6.4 presents the daily energy production as a 
function of the tracking movements using the 4.0x CCPC. The amount of energy produced 
increases with an increase in tracking movements. Moreover, the energy increases 
rapidly for the first four movements and it then approaches saturation after the fifth 
movement. This result indicates that an optimal tracking movement exists, which 
represents a trade-off between the maximum energy collection and the minimum 
tracking movements. For the 4.0x CCPC, the optimal tracking number is found to be five, 
because an increase in the tracking movements from 5 to 35 only leads to an increase 
from 0.443 Wh to 0.462 Wh, which is a percentage increase of less than 5%. An important 
implication of this result is that a significant increase in daily energy production can be 
obtained by a few simple tracking movements. This can lead to a substantial reduction 
in the cost of tracking systems. 
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Figure 6.4: The number of tracking movements and the corresponding energy (Wh) production using the 
4.0x CCPC. 
 
Tracking Calculation Procedure for 9.0x CCPC 
This calculation follows exactly the same procedure as described earlier for the 4.0x 
CCPC, except for using the angular response data of the 9.0x CCPC obtained in Chapter 
Five. Because this concentrator has a full acceptance angle of 40°, it can produce power 
from 70° to 110° when it is positioned vertically in a stationary operation (Figure 6.5), 
which corresponds to a period from 10:40 hrs to 13:20 hrs. Figure 6.5 shows the energy 
production at each interval of 5°, which was calculated based on the experimental data 
of the angular response of the 9.0x CCPC under fixed solar illumination. There are eight 
intervals in total, due to the narrower full acceptance angle of the 9.0x CCPC, compared 
with the 4.0x CCPC that has 12 intervals. The intervals that produce the maximum 
amount of energy are points 4 and 5, which corresponds to the time from 11.40 hrs to 
12.20 hrs. 
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Figure 6.5: 9.0x CCPC concentrator full acceptance angle representation with no movement using a 
protractor. 
 
 
Figure 6.6: Energy-Time graph for the 9.0x CCPC within its full acceptance angle. 
 
For this concentrator, the overlap can be avoided if the number of tracking movement is 
n < 4 because its full acceptance angle is 40°. However, the overlap will start to occur if 
𝑛 ≥ 4. With four movements, the calculation of energy production of this concentrator 
will involve seven intervals, with either the first or last point being discarded. With 
increasing tracking movement, more points that are less productive will be discarded, 
which results in an increase in total daily energy production. 
 
6.2.1.3 Results 
The same procedure as described earlier for the 4.0x CCPC and the 9.0x CCPC was applied 
to the other concentrators investigated in this work, in order to determine the optimal 
tracking movement. Table 6.2 summaries the key characteristics of the angular response 
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of all of the concentrators investigated in this research. It can be observed from Table 6.2 
that the lowest concentration ratio (i.e., 2.9x) has more intervals to collect the sunlight 
and hence a longer period for energy production. This is due to a wide full acceptance 
angle of 70°, while the highest concentration ratio (i.e., 9.0x) has less intervals and thus 
a shorter period where the concentrator is capable of collecting sunlight. This is due to a 
narrow full acceptance angle of approximately 40°. 
 
Table 6.2: Number of intervals and effective operating period, and the angles of each concentration ratio. 
Concentration 
ratio (x) 
No. of energy 
points 
Time range 
(hr. min) 
Angle range 
(from 0° to 180°) 
2.9 14 10.00 – 14.20 60° – 125° 
4.0 12 10.20 – 14.00 65° – 120° 
6.0 10 10.40 – 13.40 70° – 115° 
8.3 8 11.00 – 13.20 75° – 110° 
9.0 8 11.00 – 13.20 75° – 110° 
 
The daily energy production as a function of tracking movements were calculated for all 
five concentrators using the method explained earlier. The results are shown in Figure 
6.7, with the optimal number of tracking movements marked by a black circle for each 
concentrator. The optimal number was determined based on a trade-off between the 
maximum energy production and minimum tracking movements. For the 2.9x CCPC, the 
optimal number of tracking movements is three, which gives a daily energy production 
of 0.283 Wh. The optimal number of tracking movements for the 4.0x CCPC is five, which 
corresponds to a daily energy production of 0.443 Wh. Similarly, the optimal numbers of 
tracking movements for the 6.0x, 8.3x and 9.0 CCPCs are 8, 11 and 11, and their 
corresponding daily energy productions are 0.641 Wh, 0.941 Wh and 0.954 Wh, 
respectively. Clearly, the optimal tracking movement increases with the increasing 
concentration ratio of the concentrators, due to the fact that the acceptance angle 
decreases with an increase in the concentrator ratio. Concentrators with a low 
concentration ratio only require a few tracking movements in a day but will result in a 
significant improvement in daily energy production compared with the stationary 
operation. 
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Figure 6.7: Energy collected at different tracking movement for the five CCPC concentrators. 
 
The results obtained in Figure 6.7 show a significant difference in the energy output 
among the five concentrators due to their different concentration ratios. All of the 
concentrators have the same exit aperture of 10 mm x 10 mm, but they have different 
entry apertures. For example, the 9.0x CCPC has an entry aperture of 30 mm x 30 mm, 
while the 2.9x CCPC has an entry aperture of 17 mm x 17 mm. This results in a maximum 
energy production of the 9.0x CCPC being about 3.36 times larger than that of the 2.9x 
CCPC. However, more tracking movements are required for the high concentration 
concentrators to reach the maximum energy production points. The higher the 
concentration ratio of a concentrator, the more tracking movements are required to 
approach their maximum value of energy production. This is demonstrated clearly in 
Figure 6.8, which displays the normalised energy production as a function of tracking 
movement.  
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Figure 6.8:  Normalised energy production of the five concentrators as a function of the number of 
tracking movements. 
 
Up to this point, the results discussed above have been obtained from standard CCPCs, 
which have square entry and square exit apertures. A comparison with a rectangular 
CCPC (RCCPC), which has rectangular entry and square exit apertures, has also been 
investigated because it has been shown in Chapter Five that the RCCPC has wider angular 
response in E-W direction and thus may have an impact on the number of tracking 
movements. Figure 6.9 shows an energy production comparison between a standard 
4.0x CCPC and a 4.0x RCCPC operating in the E-W direction. It can be seen that the 4.0x 
RCCPC requires only three movements to approach its maximum value while the 4.0x 
CCPC require five movements, although the maximum value for the 4.0x CCPC is slightly 
higher than that of the 4.0x RCCPC (possibly due to the slightly lower optical efficiency 
of this concentrator). Consequently, a significant reduction in the tracking movements 
can be achieved without the expense of the concentration ratio. These results 
demonstrate the benefit of developing novel concentrators with a wide angular 
response. 
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Figure 6.9: Comparison between the 4.0x CCPC and 4.0x RCCPC (E-W) in terms of the energy production 
as a function of the number of tracking movements. 
 
6.2.2 Tracking Model Based on Realistic Solar Radiation 
In the previous section, the calculation was carried out based on a fixed solar radiation 
intensity of 1000 W/m2, which does not vary with time. In this improved model, the real 
solar intensity will be employed. Due to the motion of the earth, the sun’s position varies 
daily and annually. Thus, solar radiation varies from sunrise to sunset, and also from one 
location to another. Solar radiation changes with seasonal shift, in addition to other 
factors such as clouds, pollution and dust. Solar intensity at any location depends on 
many factors, such as the latitude and longitude of that location.  
 
6.2.2.1 Calculation Using Real Solar Data 
To carry out a calculation using the real sun data, a specific location needs to be selected. 
The location selected for this study is Muscat, Oman, which is located in northern Oman 
and whose coordinates are 23.5880° latitude and 58.3829° longitude. The formulae that 
are used to analyse the metrological data are extracted from Duffie and Beckman’s book 
(solar engineering of thermal processes) [67] in which the declination (δ), slope (β), 
surface azimuth angle (γ), hour angle (ω), angle of incidence (ϴ𝑖), zenith angle(ϴ𝑧), sun 
rising hour (𝜔𝑟), sun set hour (𝜔𝑠),  solar altitude angle (𝛼s) and solar azimuth angle (γ𝑠) 
are calculated. These angles are illustrated in Figure 6.10.  
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Figure 6.10: Solar angles for the position of the sun relative to a plane [67]. 
 
Four particular days—21 March, 21 June, 21 September and 21 December—were 
selected to represent spring, summer, autumn and winter, which are designated as n=80, 
n=172, n=264 and n=355, respectively. To obtain the solar radiation data for Muscat, two 
sub-models were built independently using MATLAB Simulink (the solar radiation angle 
model and the Iqbal model) and then connected to produce the results, as follows: 
• Solar radiation angle model 
This model is responsible for calculating the solar angles and considered as an input 
model in which the latitude, longitude, number of the day (n) and the instant time 
are inserted to output the relative solar angles.  
• Iqbal model 
This model is responsible for providing the direct, diffuse, beam and global radiation 
based on the provided information from the first model [198]. 
A capture of the model is provided in Appendix D1.  
 
6.2.2.2 Results 
Before conducting the simulation of the real solar data in Simulink, it is necessary to 
specify each concentrator’s capability to harvest radiation as a function of time. Figure 
6.11 shows the sunlight harvesting hours of the five CCPCs when they are in a stationary 
position. It is observed that the 2.9x CCPC has a longer harvesting period because it can 
collect the sunlight from 09.40 hrs to 14.20 hrs, which makes a total collection time of 4 
hours and 40 minutes. The higher the concentration ratio, the shorter the harvesting 
period because the acceptance angle decreases with an increase in concentration ratio. 
Consequently, the harvesting period for the 9.0x CCPC is only 2 hours and 50 minutes, 
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which starts at 10.40 hrs and ends at 13.20 hrs and is approximately 2 hours less than 
the 2.9x CCPC. 
 
Figure 6.11: The sunlight harvesting period of five CCPCs at stationary condition. 
 
The calculated results of the solar radiation on the four selected dates (21 March, 21 June, 
21 September and 21 December) from 06.00 hrs to 18.00 hrs at Muscat are shown in 
Figure 6.12. It can be seen that there is a huge difference in the solar radiation intensity 
between summer (red line) and winter (green line). The maximum and minimum values 
of the solar radiation intensity that can be collected in summer and winter at solar noon 
are 1120 W/m2 and 447 W/m2, respectively. In contrast, the solar radiation intensity is 
very similar for spring and autumn, 
 
 
Figure 6.12: Solar radiation incident for Muscat on the 21 March (spring), 21 June (summer), 21 
September(autumn) and 21 December (winter). 
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To validate the solar radiation results obtained by Simulink, the “day hour” (about 13 
hours on 21 June) was calculated to compare with the published data. The radiation in 
Wh/m2 was added for each hour and was then divided by 1000. The result obtained for 
this particular day is 6.5 kWh/m2, which compares to the NASA metrological data from 
the same day (taken from 22-year average data for a monthly average insolation incident 
on a horizontal surface), which was 6.9 kWh/m2/day [199]. Clearly, this result confirms 
the validity of the data. 
 
A similar calculation to Case 1 (see Section 6.2.1.2) was carried out using the real solar 
radiation data (Figure 6.12), instead of using the fixed radiation of 1000 W/m2. The 
purpose of this calculation is to see if there is a significant difference between the 
realistic calculation (based on the real solar radiation data) and the simplified calculation 
(based on a fixed radiation data). Figure 6.13 shows the results from this calculation for 
the 4.0x CCPC at the four selected dates, compared to the result of the simplified 
calculation shown in Figure 6.2 (the results for other concentrators are presented in 
Appendix D2). It can be seen that the solar radiation from 10.40 to 12.40 hrs in summer 
is higher than that collected from the solar simulator during the same time, although for 
the other hours the radiation is less than the solar simulator. Meanwhile, the energy 
collected by the concentrator during the winter season is significantly different from that 
collected using the solar simulator. For example, the energy collected by solar simulator 
from 11.40 to 12.00 hrs is 2.2 times higher than that collected during the same time in 
winter. The energy collected in spring and autumn is very similar and is less than that 
obtained from the solar simulator. Consequently, the results calculated using the fixed 
radiation data are slightly lower than these based on the real solar data from the summer. 
The results calculated using the fixed radiation data are moderately higher than those 
based on the real solar data from the spring and autumn. For the calculation based on 
the real solar data from the winter, the results are considerably lower than those 
calculated using the fixed radiation data.
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Figure 6.13: Energy production in an interval of 5° using the 4.0x CCPC under stationary operation for four seasons and for the fixed radiation.
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Using the results shown in Figure 6.13, the daily energy production as a function of the 
tracking movement can be calculated using the real solar radiation data of four seasons. 
Figure 6.14 shows the results that were calculated using the 4.0x CCPC. The data 
obtained from the fixed radiation data (Figure 6.4) are also presented for comparison. It 
can be seen that the variation of sunlight intensity among the different seasons does not 
seem to affect the optimal tracking movements, which is five for all seasons. In contrast, 
the daily energy production varies significantly with the change of the seasons, in a 
similar manner to those shown in Figure 6.13. Nevertheless, the yearly average of the 
energy production per day based on the realistic calculation is only about 18% lower 
than the values predicted using the simplified calculation. Furthermore, the results in 
Figure 6.14 show that the daily energy production can be significantly increased with a 
few simple tracking movements, which is five for the 4.0x CCPC. This result raises a 
question about the currently accepted view of CCPC’s suitability for stationary 
application. It is true that a CCPC can collect more solar radiation than other types of 
concentrators at stationary operation. However, the use of a tracking system with CCPCs 
will bring a further substantial increase in energy production, as shown in Figure 6.14. A 
key advantage of the tracking system for CCPCs is its simplicity and low cost, due to the 
fact that it involves only a few movements and is extremely tolerant to tracking error. 
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Figure 6.14: The daily energy production of the four seasons as a function of tracking movements using 
the 4.0x CCPC, compared with the data obtained using the fixed radiation data.  
 
6.3 Economic Viability 
This section provides a detailed breakdown of the manufacturing costs of the CCPC 
concentrators produced in the laboratory and it aims to predict the manufacturing cost 
of CCPC solar power systems in large scale production. A conventional PV solar panel 
will be employed as a reference for comparison in order to investigate their economic 
potential.  
 
6.3.1 Cost Analysis  
Table 6.3 lists the cost of the materials and components that are used to construct the 
concentrators used in this study. These materials and components were purchased in 
small quantities and the manufacturing costs that are calculated based on these prices 
represent the real production cost of prototypes on laboratory scale. Two single cell 
concentrating systems, one based on a silicon cell and one based on a GaAs cell, were 
estimated and the results are presented in Table 6.4. The concentrators were fabricated 
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using 3D printing and the power output used for cost analysis is the actual experimental 
data obtained under indoor testing. The labour cost involving the design and fabrication 
of the concentrator is neglected, as is the cooling system and water used in the testing. 
 
Table 6.3: Cost of the materials and components used for fabrication of the CCPCs of this study. 
Sr.No Material Quantity Dimension Unit 
Cost 
Total Cost + 
Freight 
1 LGBC silicon cell 100 10 mm x 10 mm £2.50 £300 
2 GaAs solar cell 10  10 mm x 10 mm £12 £120 
3 DCB ceramic 32 46 mm x 32 mm £4 £171 
4 Alanod reflector 1 A4 sheet 210 mm x 297 
mm 
£13.81 £13.81 
5 3D printer resin 1 Litre – £120 £151.80 
6 Heat sink 
compound 
1 – £5.56 £6.67 
7  Solder wire + bus 
wire+ flux pen 
1 – £4.15 £9.34 
8 Tabbing wire 1 Roll – £1.29 £1.29 
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Table 6.4: Cost of the prototype concentrating system fabricated in laboratory for this study. 
Material 2.9x 4.0x 6.0x 8.3x 9.0x 
Silicon solar 
cell 
 
10 x 10  
mm2 
10 x 10 
 mm2 
10 x 10 
mm2 
10 x 10 
 mm2 
10 x 10 
mm2 
£2.5 £2.5 £2.5 £2.5 £2.5 
GaAs solar 
cell 
10 x 10  
mm2 
10 x 10 
 mm2 
10 x 10 
mm2 
10 x 10 
 mm2 
10 x 10 
mm2 
£12 £12 £12 £12 £12 
DCB ceramic 46 x 32 
 mm2 
46 x 32 
 mm2 
46 x 32 
 mm2 
46 x 32 
 mm2 
46 x 32 
 mm2 
£4 £4 £4 £4 £4 
3D printer 
Resin 
0.0099 L 0.0108 L 0.0147 L 0.0187 L 0.0206 L 
£1.20 £1.30 £1.80 £2.25 £2.50 
Alanod 
reflector 
12.30 cm2 20.00 cm2 36.20 cm2 54.80 cm2 64.00 cm2 
£0.26 £0.40 £0.80 £1.20 £1.40 
Total Cost 
Silicon 
£7.96 £8.20 £9.10 £9.95 £10.40 
Total Cost 
GaAs 
£17.46 £17.70 £18.60 £19.45 £19.90 
 
The manufacturing cost shown in Table 6.4 is very high because they were fabricated in 
laboratory using materials and components that were purchased or fabricated in small 
quantities. Clearly, this cost can be significantly reduced if they are produced in large 
quantities on an industrial scale. The potential for cost reduction based on industrial-
scale production is explored next. 
 
• Concentrator 
The cost of printing the concentrators on a laboratory scale is between £1.20 and £2.50 
for each of the fabricated concentrators. In reality, we can use different materials and 
manufacture processes at significantly reduced costs. According to a quotation obtained 
from Huzhou Dear Industry [200], the price of producing the 9.0x CCPC on a large scale 
is as low as £0.056. 
 
• Direct Bonded Copper (DBC) ceramic substrate 
The ceramic DCB is custom made and it has been designed especially for this project. The 
DCB was purchased from Tianjin Century Electronics [180] and the price was £4/piece 
based on a laboratory scale (32 pieces). The estimated price from the same company 
based on a large quantity (> 10,000 pieces) is £2/piece.  
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• Reflector cost 
The cost of the aluminium reflector purchased from ‘alanod’ Company [189] based on a 
laboratory scale is £13.81/sheet. The reflector cost that is used for the 9.0x CCPC based 
on the laboratory scale is £1.40. Similar reflectors can be supplied by FastArriver in 
China [201] at a mass production cost of £5.62/m2. This reduces the reflector cost of the 
9.0x CCPC to only £0.036. 
 
• Solar cell cost 
The monocrystalline silicon solar cells of a size of 10 mm x 10 mm with a single bus bar 
(LGBC) type were purchased from Solar Capture Technologies [82]. The quoted price is 
£2.50/cell based on a laboratory scale. While a mass produced silicon solar cell could be 
supplied by DS New Energy [202] at an estimated price of £0.53/piece.  
The GaAs solar cell was quoted by Arima Photovoltaic & Optical Corp [203] in China on 
a laboratory scale at £12/cell (with a minimum order of 10 cells).  This price can be 
reduced to £8/cell for large quantities. It is to be noted that the costs presented here are 
based on recent currency conversion rate, which may vary in the future. 
 
The manufacturing cost of a CCPC concentrating solar power unit similar to those 
developed in this study can be estimated using the prices based on industrial-scale 
production. Using the 4.0x CCPC and the 9.0x CCPC as examples, the estimated cost is 
shown in Table 6.5. Clearly, the cost of these concentrating solar power units can be 
reduced dramatically if they are manufactured in large quantities on an industrial scale. 
For example, a cost reduction of 74.80% can be achieved for a silicon-based unit with a 
9.0x CCPC concentrator, and a reduction of 49.25% can be achieved for the GaAs based 
unit. 
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Table 6.5: Manufacturing cost of the 4.0x CCPC and 9.0x CCPC concentrating solar power unit based on 
industrial-scale production. 
Material 4.0x CCPC 9.0x CCPC 
Silicon solar cell 
 
(10 x 10) mm2 (10 x 10) mm2 
£0.53 £0.53 
GaAs solar cell (10 x 10) mm2 (10 x 10) mm2 
£8 £8 
DCB ceramic (46 x 32) mm2 (46 x 32) mm2 
£2 £2 
Concentrator (25.98 x 20 x 2) mm2 (58.34 x 30 x 2) mm2 
£0.029 £0.056 
Aluminium reflector 20.00 cm2 64.00 cm2 
£0.011 £0.036 
Total cost with silicon £2.56 £2.62 
Total cost with GaAs £10.04 £10.10 
 
 
6.3.2 Comparison Between a Flat PV Panel and a Concentrated Silicon 
System 
A commercial monocrystalline PV panel from Solar BP [204] is selected for the 
comparative study because it is the most cost-effective panel that we have identified to 
date. Brief details of this commercial PV panel follow: 
 
Model:                        SOLAR WATT 60M high power 
Max. Power:             300 Wp 
Solar cells:         60 monocrystalline solar cells 
Cell dimension:       156 x 156 mm2 
Efficiency:                 18.8% 
Price:                         £275 
 
A conceptual concentrated solar panel using the 9.0x CCPC concentrator is envisaged for 
this comparative study to investigate the economic impact of concentrators on the solar 
panels. The maximum power output produced using the 9.0x CCPC coupled with a LGBC 
silicon cell at normal incidence is 105 mW. In order to produce a comparable power 
output of 300 W, a total of 2,857 solar cells would be needed if 9.0x CCPCs are employed. 
  
Alternatively, we could scale up the concentrator to accommodate the large-area solar 
cells (156 mm x 156 mm) that are employed in the commercial panel. For an exit 
aperture area of 156 mm x 156 mm, the scaled-up 9.0x CCPC will need an entry aperture 
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area of 468 mm x 468 mm. Based on this dimension, a scaled-up 9.0x CCPC was designed 
using CAD and simulated by TracePro. The results of the simulation indicate that the 
properties of the concentrators can be scaled-up linearly (see Appendix D3 for 
details). Assuming that all of the parameters are scalable linearly, a concentrator unit 
that consists of a scaled-up 9.0x and a 156 x156 mm2 silicon solar cell will be able to 
generate a power output of 49.5 W. Therefore, a panel that has six of these unit will be 
able to produce a power output of 297 W. In this study, the cost of making this system 
was estimated and compared to the commercial system. The results are shown in Table 
6.6. In the calculation, it is assumed that the cost of silicon cells is 50% of the cost of the 
entire system [57]. Therefore, the “Total Cost” shown in Table 6.6 represents the cost of 
the silicon cells only for the commercial system and the cost of the concentrator units 
only for the concentrator system. The costs of the other parts (e.g. the frames, covers, 
and wiring etc.) are not included because they are expected to be more or less the same. 
It can be seen from Table 6.6 that the total cost of the concentrator units is actually 
slightly higher than the cost of the silicon cells in the commercial panel. The results 
indicate that there is no advantage to use the concentrator system with silicon cells if the 
purpose is to reduce the cost because the silicon cells are now extremely cheap and is 
comparable to the cost of the concentrators.  
 
Table 6.6: Comparison between a 9.0x CCPC scaled-up system and the commercial panel. In this 
calculation, it is assumed that the cost of silicon cell is 50% of the total cost of the system [57]. 
Material PV Panel 9.0x CCPC Scaled-up 
Area 1.46 m2 1.31 m2 
Power output 300 Wp  297 Wp  
No. of cells 60 6 
Cell size 156 x 156 mm2 156 x 156 mm2 
No. of Concentrator __ 6 
Aluminium reflector cost __ £8.75 x 6=£52.5 
Concentrator cost __ £13.6 x 6 = £81.6 
Silicon cell cost __ £ 2.3 x 6 = £ 13.8 
Total cost  £138 £ 148 
 
Using this data, the break-even point of the solar cell cost is £2.48/cell (156 mm x156 
mm). Based on the assumption that the solar cell cost is 50% of the total cost of the panel, 
the cost of silicon cells in the commercial panel is £2.30/cell (156 mm x 156 mm). It can 
be seen that the solar cell cost in this commercial system is actually slightly lower than 
the break-even point. Consequently, there is no benefit for using the concentrators in this 
Mazin AL-Shidhani   CHAPTER SIX 
 
164 
 
case. In the other hand, mass production of PV panels should be addressed as it reduces 
the cost of the PV panels when compared to concentrator fabrication. Although the 
concentrator shows higher price compared to the PV panel, it has an advantage of 
reducing the total area as shown in Table 6.6, which consequently reduce the amount of 
PV material compared to the PV panel and replace them by the scaled-up concentrator. 
This will also lead to reducing the waste of PV material and recycling process after their 
life expectancy. 
However, it should be noted that the concentrator will be beneficial for solar cells, which 
are more expensive than silicon solar cells. This is the case for all of the other types of 
solar cells.  
 
6.3.3 Comparison Between a Flat PV Panel and a Concentrated GaAs System   
A conceptual flat panel using GaAs cells and a conceptual concentrated GaAs panel were 
envisaged to study the possibility of cost reduction using the concentrated system for 
GaAs cells. The panels were designed to produce a power output that is comparable to 
the commercial silicon panels (i.e., 300 W). Since GaAs cells are available in a dimension 
of 10 mm x 10 mm, the conceptual panels were designed based on this dimension and 
using the 9.0x CCPC fabricated in this project. The results of the cost analysis are shown 
in Table 6.7. The cost of the commercial silicon panels is also included for comparison. 
 
Table 6.7: The cost of the solar cells employed in a commercial silicon panel, a conceptual GaAs flat panel 
and a conceptual concentrated GaAs panel. 
Material PV panel GaAs GaAs coupled with 
9.0x CCPC 
Area 1.46 m2 1.45 m2 1.45 m2 
No. of cells 60 14,508 1612 
Cell size 156 x 156 mm2 10 x 10 mm2 10 x 10 mm2 
Power output 300 W 290.2 W 320 W 
Total cost  £138 £116,064 £12,896 
 
The cost of silicon cells is estimated by assuming that the cost of the solar cells is 50% of 
the total cost of the panel, which is £2.30/cell (156 mm x 156 mm). The cost of GaAs cells 
is £8.00/cell (10 mm x 10 mm), which comes from a recent quotation based on large 
quantity purchasing. It can be seen from Table 6.7 that a reduction by an order of 
magnitude is possible by using the concentrated panel for GaAs cells. This is very 
different from the case for silicon cells. For GaAs cells, the concentrated system will have 
a huge benefit in terms of cost reduction because the cost of GaAs cells is substantially 
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more expensive than the cost of the concentrators. Unfortunately, even with 
concentration, the GaAs panels are still far more expensive than the silicon panels. 
 
6.4 Summary 
The limitation of the acceptance angle of the CCPCs leads to deployment of tracking 
system in order to maximise the sunlight collection from sunrise to sunset. A calculation 
procedure was developed based on the angular response data obtained in the laboratory, 
which enabled an estimation of daily energy production as a function of the tracking 
movements of the concentrator. Consequently, the optimal number of tracking 
movements was determined for the fabricated concentrators. It is found that only a few 
tracking movements are needed to reach the maximum daily energy production, which 
indicates that a simple and low-cost tracking system is sufficient for CCPC concentrated 
solar power systems. The calculation shows that the optimal number of tracking 
movements for the 2.9x, 4.0x and 6.0x CCPCs are three, five and eight movements, 
respectively. While the optimum number of tracking movements for both 8.3x and 9.0x 
CCPCs is 11 movements. The calculation procedure was first carried out based on an 
assumption of a constant solar radiation of 1000 W/m2 and then an improved calculation 
was performed using real solar radiation, whose intensity changed during the day. The 
results obtained from the real solar radiation display a similar trend to those obtained 
under constant solar radiation, but the values change significantly with the seasons 
during the year. The calculation also shows that a novel rectangular entry 4.0x RCCPC 
can reach its maximum energy production with fewer tracking movements, due to its 
wide angular response along the E-W direction. This will further improve the simplicity 
and reduce the cost of the tracking system. 
 
A cost analysis of using concentrators with both silicon and GaAs cells was performed to 
evaluate the impact on cost reduction. The result obtained from a conceptual 9.0x CCPC 
GaAs system shows that a substantial reduction in system cost can be achieved for the 
same power output. Although this system is not yet economically viable, the advantage 
of using the concentrator system is clearly demonstrated. The result obtained from a 
conceptual silicon concentrator system indicates that there is no benefit for using 
concentrators with silicon cells because the cost of silicon cells is almost the same as the 
cost of the concentrators. For other types of solar cells, it is likely that the cost reduction 
can be achieved by using concentrators if the cost of solar cells cost more than £2.48/cell 
(156 mm x 156 mm). There are other factors need to be considered such as space taken, 
weight and durability as well as cost. 
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Chapter Seven: Conclusions and Future 
Works 
 
7.1 Introduction 
This thesis describes a systematic experimental and simulation study of the design, 
fabrication, characterisation and evaluation of Cross Compound Parabolic Concentrators 
(CCPCs) for solar power generation application. The project began by developing a 
fabrication process for in-house manufacturing of low concentration CCPCs using a state-
of-the-art 3D printing technique. A parametric equation was used to define the geometry 
of the concentrators in SolidWorks. TracePro was used for optical simulation and 
validation of the design. A set of standard CCPCs with concentration ratios of 2.9x, 4.0x, 
6.0x, 8.3x and 9.0x were fabricated. In addition, concentrators with new geometry, 
including a rectangular CCPC and a circular CPC, were created for comparative study and 
to explore performance improvement. To provide crucial data to calculate the daily 
power generation of concentrated solar power systems, the angular response of the 
fabricated concentrators was investigated using the TracePro simulation and was then 
validated by experiment. The uniformity of light distribution on the exit aperture of the 
concentrators and its effect on the power generation of concentrated solar power 
systems was also investigated. Finally, the daily energy output of a concentrated solar 
power system for different tracking arrangements was estimated and the potential 
economic benefit of using the concentrators developed in this project was evaluated.  
7.2 Main Conclusions  
1. A method of fabricating CCPCs was developed, which facilitated the successful 
construction of a prototype concentrator with an optical efficiency of 84.5%. To 
my knowledge, this is the highest optical efficiency of a CCPC reported to date.  This 
success can be attributed to: 1) the use of high precision 3D printing (Form 1+ 3D 
Printer) to accurately implement the geometrical design in practice; 2) a simple 
process that enables the formation of highly reflective concentrator surfaces using 
the state-of-the-art mirror film of 95% reflectivity; and 3) an appropriate distance 
between the exit aperture of concentrator and the surface of the solar cell for the 
best uniformity. The fabrication process is reliable and repeatable and has been 
employed in the fabrication of a number of CCPCs with different concentration 
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ratios, including 2.9x, 4.0x, 6.0x, 8.3x and 9.0x. All of which have an optical 
efficiency in the range of 82%–84%.   
 
2. A rotary stage with cooling capability was designed and fabricated to study the 
angular response of the CCPCs. This enabled successful experimental 
investigation of the angular response of five CCPCs with different concentration 
ratios. The experimental results from the five CCPCs show that concentrators 
with higher concentration have a narrower angular response, while these with 
lower concentration ratios have a wider angular response. The results are in 
good agreement with the simulation by the TracePro, with an average deviation 
of 11.10% at normal incidence (0°). Furthermore, this work provides essential 
experimental data and a validated simulation model for the following system 
optimisation study to identify the appropriate tracking movement. 
 
 
3. Non-uniform light distribution will decrease the power output of a concentrated 
solar power system and create hotspots, which can affect the long-term stability 
of the solar cell. A systematic experimental investigation and simulation was 
carried out to study the uniformity of light distribution across the solar cell 
surface of a concentrated solar power system. The results of this investigation 
reveal that the uniformity of the light distribution is very sensitive to the distance 
between the exit aperture of the concentrator and the top surface of the solar 
cell. The optimal position depends on the concentrator’s concentration ratio. For 
the concentrators that have been investigated in this study, a high uniformity of 
over 90% can be achieved by placing the solar cell at optimal positions of -3mm 
and -2.5mm for the 2.9x and 4.0x CCPCs, respectively. The optimal cell positions 
for the 6.0x, 8.0x and 9.0x CCPCs is -1.5 mm. A maximum increase by 11.68% in 
the power output was demonstrated experimentally using an improved design 
of the 4.0x CCPC.  
 
4. The experimental results show that uniformity at the exit aperture of a 
concentrator can significantly affect the short-circuit current (𝐼𝑠𝑐) of the solar 
cell. Inevitably, the measured short-circuit current varies for the concentrators 
of different uniformity, even though they have the same concentration ratio. This 
result indicates that significant errors may occur when the concentration ratio is 
determined using the measured short-circuit currents, which is currently 
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employed for experimental determination of the concentration ratio. Clearly, this 
method is only valid for concentrators with good uniformity. In the absence of 
the knowledge on the uniformity, a more accurate method for determining the 
concentration ratio is the one initiated in this research, which uses the 
spectroradiometer with a small-area sensor to map the solar cell surface. An 
additional advantage of this technique is that it also provides information on 
spectral change, if any. 
 
5. A unique design of a rectangular 4.0x CCPC (RCCPC) that has a rectangular entry 
aperture and square exit aperture was fabricated to explore the possibility of 
improving the angular response of the CCPCs. The results of this investigation 
produced an unexpected result – the half acceptance angle of this 4.0x RCCPC in 
E-W is much wider than the theoretical value. Furthermore, the angular response 
of this 4.0x RCCPC is clearly wider than a standard 4.0x CCPC that has a square 
entry aperture and square exit aperture of the same concentration ratio. The 
TracePro simulation results reveal that the improvement is due to a favourable 
outcome of the second reflection (neglected in design theory), which reflects the 
initially reflected light onto the exit aperture when the incidence angle is larger 
than the theoretical half acceptance angle. To my knowledge, this result is the 
first experimental evidence to show that the angular response of CCPCs can be 
improved by including multiple light reflections in the geometrical design, 
offering important insights into future development of wide acceptance angle 
CCPCs. This study also shows that the angular response of the concentrator can 
be improved, albeit less significantly, by simply rotating a standard CCPC by 45 
degrees in the horizontal plane (compared to the typical arrangement of the 
concentration orientation). This provides further insight into the possibility of 
improving the angular response by geometry modification. 
 
6. A new concentrator geometry (i.e., circular CCPC) that has a circular entry 
aperture and a square exit aperture was designed, fabricated and investigated 
experimentally. The rationale of this design is that a concentrator of such shape 
can be conveniently manufactured using lathe machines, which are widely 
available in many factories and workshops. However, the results of experiment 
and simulation show that the optical efficiency of this design is slightly lower 
than that of a standard square CCPC. 
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7. Due to the limitation of the acceptance angle of the CCPCs, a tracking system can 
be employed to maximise the daily power generation in response to changing 
positions of the Sun during the day. A calculation procedure was developed to 
determine the minimum movements of tracking, while obtaining the maximum 
daily energy production of a CCPC solar power system. Using this procedure 
together with the angular response data from experiments, the optimal number 
of tracking movements for the concentrators studied in this project was 
calculated and the results show that only a few movements are needed, 
indicating that a simple and low-cost tracking system is sufficient. The optimal 
number of movements for the 2.9x, 4.0x and 6.0x CCPCs are 3, 5 and 8 
movements, respectively, while it is 11 for both 8.3x and 9.0x CCPCs. The 
calculation was initially performed based on the assumption of a constant solar 
radiation intensity of 1000 W/m2. An improved calculation was then performed 
using real solar radiation data, whose intensity changes in a day. The results 
show that the tracking movements in the case of the constant solar radiation is 
very similar to those of the real solar radiation in summer in Oman, while it is 
different for the case in the winter season. 
 
8. A cost analysis of using concentrators was performed and their economic 
viability was evaluated based on both laboratory-scale and industrial-scale 
production processes. A comparison was carried out between a flat PV panel and 
a concentrated solar power system that consists of a monocrystalline silicon cell 
and a scaled-up 9.0x CCPC. It is found that a reduction of the total area by 10.30% 
can be achieved using the concentrators in a 300 W system. A total number of 60 
cells is used in the 300 W flat PV system, while only six cells are required in the 
9.0x concentrated system for the same power output. However, the economic 
benefit is not obvious due to the substantially lower price of silicon cells in recent 
years. On the other hand, the advantage of using the concentrators with GaAs 
cells is clearly demonstrated because of the high cost of GaAs cells. A substantial 
reduction in the system cost by a factor of 9 can be achieved by using the 9.0x 
concentrator system, compared to the corresponding flat panel. 
 
9. In addition to the data obtained from the CCPCs, this work also generates a large 
amount of experimental data of solar cells under different testing conditions. 
These data include the solar cell’s parameters (typically the short-circuit current, 
open-circuit voltage, fill factor, maximum power output, and conversion 
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efficiency) as a function of the concentration ratio, the angular response, and the 
temperature dependence of I-V characteristics. For instance, the I-V 
characteristics of a solar cell was found to change significantly with its 
temperature. Therefore, the incorporation of a water-cooling capability in the 
rotary stage enables us to control the temperature of the solar cell during testing, 
and hence determine of the temperature coefficient of the solar cell. The 
experimental results show that the temperature coefficients of the silicon cell 
used in this work are α =+0.00057/°C, β=-0.0037/°C and ɛ =-0.38 % /°C for short-
circuit current, open-circuit voltage and power, respectively. 
 
10. It is known that the concentration ratio of a concentrator will always be smaller 
than its geometrical concentration ratio due to inevitable optical losses.  
However, the ratio of the power output of a concentrated solar power system can 
be larger than the geometrical concentration ratio, due to the fact that the all of 
the parameters of the solar cell that determine the power output (including the 
short-circuit current, open-circuit voltage, and fill factor) increase as the 
concentration ratio increases. The results from this work provide direct 
experimental evidence. It can be seen that the 9.0x CCPC has a designed 
geometrical concentration ratio of 9, while the actual concentration ratio of the 
fabricated concentrator is 7.4, which gives an optical efficiency of 82%. However, 
the power output of the concentrated system using this concentrator with a 
monocrystalline silicon cell produces 9.7 times more power than a bare cell—
note that this value is larger than the geometrical concentration ratio. 
 
7.3 Future Works  
1. The results from the angular response of the novel RCCPC show that the angular 
response can be significantly improved by taking into account the second 
reflection in the concentrator design. This discovery opens a new avenue to 
explore the possibility of improving the angular response beyond theoretical 
predication of current model. However, in-depth investigations are needed to 
identify and understand how the geometrical shape of the reported 4.0x RCCPC 
could improve the angular response through the second reflection, while 
maintaining the same concentration ratio. An enhanced understanding of this 
result may help to discover more favourable concentration geometries that may 
lead to further improvement in the angular response. 
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2. The experiment on improving the angular response of a standard 4.0x 
concentrator by rotating 45° in horizontal plane demonstrated a marginal but 
noticeable improvement. This result is not yet fully understood. Therefore, an in-
depth study into the mechanisms that are responsible for the improvement may 
lead to further improvement by modifying the concentrator’s geometry in the 
horizontal plane. 
 
3. A significant improvement in the uniformity of 8.3x and 9.0x CCPCs by changing 
the solar cell position to their optimal position is predicted by the simulation. 
However, the improvement obtained from the experiments is less significant 
when compared to the results of other concentrators. Therefore, further 
investigations are needed to understand the reasons for the observed difference 
between simulation and experiment, which may offer valuable insights into the 
role of uniformity in “higher concentration” concentrators. 
 
4. The power output of a concentrated solar power system decreases as the 
incidence angle increases because the effective light collection area of the 
concentrator becomes smaller for a larger incidence angle. Another factor that 
might also contribute to the reduction of power output is non-uniformity. The 
simulation results show that the light distribution on the solar cell in a 
concentrated system for large angle incidence is highly non-uniform. Therefore, 
a further investigation is needed to identify if the non-uniformity at large angle 
incidence contributes to significant power reduction, and consequently seek for 
the appropriate solutions to the problem. 
 
5. An experimental investigation should be designed and performed to validate the 
model that has been developed to predict the optimal numbers for the tracking 
movement for different CCPCs. An experimental validation of the model is a 
crucial step prior to the model being used for the design of future concentrated 
solar power system to achieve the maximum energy production at minimum 
cost. 
 
6. Outdoor testing of a concentrated solar power system under real operating 
conditions on a building’s rooftop should be considered. The system should be 
designed and constructed using an array of optimised CCPCs with appropriate 
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solar cells. The performance of the optimised concentrated solar power system 
should be investigated in comparison with an equivalent flat panel system. 
 
7. Heat generation is an increasingly severe problem in a concentrated solar power 
system. Therefore, a detailed thermal analysis should be conducted, and 
solutions for the utilisation and dissipation of heat should be sought. In 
particular, hybrid systems that co-generate electricity and heat will be explored. 
 
8. An in-depth cost analysis should be performed to evaluate the possibility of 
improving the economic viability of the concentrated solar power systems using 
GaAs and InP solar cells, which are currently expensive. The investigation will be 
aimed to identify the key factors and solutions that can lead to the economic 
application of a concentrated solar power system that has the potential to 
compete with standard flat silicon panels. 
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A1: Monocrystalline LGBC solar cell datasheet 
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A2: GaAs Datasheet 
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A3: Repeatability test (25 I-V curves) 
GaAs solar cell 
Test No. 
VOC  
(V) 
Isc 
(A) 
Efficiency 
(%) 
1 0.9995 0.0263 19.98 
2 0.9991 0.0263 19.93 
3 0.9988 0.0263 19.86 
4 0.9998 0.0263 19.81 
5 0.9998 0.0263 19.79 
6 0.9995 0.0263 19.81 
7 0.9991 0.0264 19.8 
8 0.9998 0.0263 19.76 
9 0.9995 0.0263 19.78 
10 0.9991 0.0262 19.7 
11 0.9991 0.0263 19.75 
12 0.9995 0.0263 19.74 
13 0.9995 0.0263 19.78 
14 0.9995 0.0264 19.79 
15 0.9995 0.0263 19.84 
16 0.9995 0.0263 19.77 
17 0.9995 0.0263 19.75 
18 0.9995 0.0263 19.7 
19 0.9995 0.0263 19.71 
20 0.9991 0.0262 19.74 
21 0.9991 0.0262 19.71 
22 0.9995 0.0262 19.69 
23 0.9988 0.0262 19.73 
24 0.9995 0.0262 19.73 
25 0.9998 0.0262 19.7 
Average 0.9994 0.0263 19.77 
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A4: Temperature Coefficient of Monocrystalline silicon Cell  
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A5: Silicon Solar Cells Soldering Without DCB Ceramic  
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A6: Silicon Solar Cells Soldering With DCB Ceramic 
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A7: DCB Specification 
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B1: Excel sheet used to calculate the CCPC concentration ratio  
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B2: Alanod Reflector Datasheet 
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B3: Exit aperture dimension of 8.3x CCPC  
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B4: I-V and P-V curves for 7.0x circular CPC with and without coating 
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B5: I-V and Power curve for the five CCPCs concentrators at normal 
incidence angle (0°) 
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D1: SIMULINK simulation for real solar radiation 
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D2: real solar radiation on four concentrators 
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D3: Scaled up 9.0x CCPC dimensions 
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Angular optical efficiency for the five concentrators  
 
  
